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INTRODUCTION 
Few dairy cattle breeders would be willing to argue the importance of cow families in 
the marketing of purebred dairy cows. Numerous advertisements and articles in breed 
association journals extol the virtues of certain maternal families. Sire analysts from artificial 
insemination companies rush to acqmre rights to purchase male offspring from superior 
females. These sire analysts assume that females from outstanding cow families produce 
better than their contemporaries because of their common superior additive nuclear genes. 
StatisticEil evidence suggests however, that maternal relatives are more alike than can be 
explained on the basis of their additive genetic relationships alone. 
Several explanations for this additional similarity exist. Preferential treatment of 
maternal relatives, direct matemal effects, and genomic imprintmg are possible sources for 
some, but not all of the similarities. Another plausible explanation is cytoplasmic 
inheritance. Cytoplasmic inheritance may occur because mitochondria are passed from dam 
to offspring in the egg cell. Little or no mitochondria are transferred by sperm cells. Also, 
mitochondria play a huge role in metabolism and energy conversion and therefore, lactation. 
Finally, mitochondria have genomes that are inherited independently from nuclear genes. 
These genes encode several critical metabolic en2ymes and variability in these genes has 
been detected on the molecular level. 
Several scientists have estimated the importance of cytoplasmic inheritance by 
associating cows' matemal Imeages with their phenotypes. Because mitochondria are 
transmitted maternally and without recombination, members of the same lineage should have 
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essentially the same mitochondrial DNA, differing only as a result of mutations, which are 
relatively rare. Other researchers have taken their analyses a step closer to the proposed 
source of cytoplasmic inheritance, by sequencing mitochondrial DNA, then relating 
polymorphism in those genes to differences in economic traits. Investigators have concluded 
that cytoplasmic inheritance strongly affects milk composition, particularly for fat, and may 
control yield and health and reproductive traits to some degree. Other scientists have scoffed 
at these conclusions, citing specific flaws in the design and analysis of experiments that could 
lead to spurious results. Others have criticized models for which effects of maternal lineage 
were considered fixed. 
Most currently used genetic evaluation procedures ignore cytoplasmic sources of 
variance. Ignoring matemal lineage effects may decrease accuracy of selection and slow 
genetic trend. In particular, selection of bull dams could be strongly affected since cows pass 
their mitochondria to their sons and daughters, but their sons cannot pass mitochondria to the 
dams' granddaughters. The magnitudes of these possible impacts has not been addressed. 
There are two basic objectives of the research reported herein. The first is to use data 
from multiple herds to help confirm or deny the presence of cytoplasmic inheritance. Two 
approaches will be taken. The phenotypic relationship between production traits and 
matemal lineages will be estimated with different animal models. Associations between the 
same traits and sites of polymorphism in mitochondrial DNA will also be studied, by using 
records from some of the same herds of cattle. The second objective is to use simulation 
experiments to assess the impacts of ignoring matemal lineage effects on currently used 
genetic evaluation procedures. Because the precise level of cytoplasmic variance has not yet 
been determined for the entire US Holstein population, impacts will be estimated for varying 
levels of maternal lineage effects. Consequences of ignoring cytoplasmic effects on 
estimation of variance components, accuracy of selection, genetic response, and selection of 
bull dams will be addressed. Efficiency of different statistical models will be compared. 
DissgrtatiQ^i Orgwi^atipii 
This dissertation is written in an alternative format. This short introduction is 
followed by a review of pertinent literature and three chapters that detail the author's 
research. All three chapters are prepared for publication in the Journal of Dairy Science. 
These chapters are followed by a general conclusions section, which summarizes the major 
conclusions and implications of the author's work. 
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REVIEW OF LITERATURE 
Cow Families 
The widespread use of artificial insemination for dairy cattle has magnified the 
importance of sire selection to increase genetic progress. However, cow families still receive 
a great deal of attention from dairy cattle breeders. Cow families are groups of maternally 
related animals. Some of these families seem to possess consistent prepotency, with many 
female members producing at levels above their contemporaries. Members of these cow 
families are often chosen as dams for bulls entering progeny testing programs of artificial 
insemination companies. It is clearly logical to sunnise that female members of these cow 
families are superior to their contemporaries because of additive genetics. If so, sons from 
these families should sire daughters that are exceptional as well. Unfortunately, sons from 
these families, and their daughters, are not always outstanding. One wonders if this is just a 
chance occurrence, with random meiotic segregation yielding the son a poor set of genes; or 
if there is some factor that dams can transmit to their offspring, but sires cannot. Several 
papers support the latter suspicion. 
Statistically, maternal inheritance would manifest itself with greater correlations 
between dam and daughter records than one would expect based on additive genetic 
relationships. Several researchers have reported that heritability estimates were greater using 
daughter-dam regression than patemal half-sib intraclass correlation. Van Vleck and 
Bradford (1966) compared heritabililty estimates using first, second, and third parity records. 
They reported that daughter-dam regression always yielded higher heritability estimates than 
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patemal-half sib correlations. The difference was most extreme in first lactation. Daughter-
dam regression produced an estimated heritability of .37 for milk yield. The estimate based 
on half-sib correlation was .24. Seykora and McDaniel (1983) found heritabilities of .35 and 
.27 using daughter-dam regression and paternal half-sib correlation, respectively. Van Vleck 
and Bradford (1966) suspected that a direct maternal genetic effect may have caused their 
results, especially because the disparity in estimates decreased with age. Direct maternal 
genetic effects occur because some dams have a genetic predisposition to provide a better 
environment for their offspring than their contemporaries. For example, among species 
where young animals are allowed to suckle for an extended period of time, offspring of dams 
with higher milk production tend to have faster growth and higher survival. These effects can 
be relatively important for some swine and beef cattle traits. Southwood and Kennedy 
(1990) attributed from zero to eight percent of the variance in several survival traits in swine 
to direct maternal genetic effects. The largest effect was for number of pigs weaned. 
Bertrand and Benyshek (1987) examined birth and weaning weights for two breeds of beef 
cattle. Direct maternal genetics accounted for five and thirteen percent of the variance in 
birth weight for Limousin and Brangus, respectively. Larger effects were reported for 
weaning weight. Fifteen percent of the variance among Limousin and 20 percent of the 
variance for Brangus was associated with direct maternal genetics. These results are 
consistent with conclusions others have drawn. Direct maternal effects often are important 
for traits measured at birth, increase in importance for traits measured at weaning, and are 
relatively unimportant for traits measured later in life (Cundiff, 1972). As a resuh, one may 
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not expect direct maternal effects to greatly impact dairy production traits. Dairy calves are 
usually separated from their dams within a day or two of calving. Milk production traits are 
not measured until the calf matures, two or more years later. 
Van Vleck and Hart (1966) concluded that direct matemal effects did not significantly 
influence first lactation milk yield. Schutz et al.(1992) used an animal model to analyze 
multiple lactations fi-om the Iowa State University breeding herd and also concluded that 
matemal genetic effects were inconsequential. 
Dong et al. (1988) used restricted maximum likelihood (REML) and an animal model 
(Henderson, 1984) and reported that heritability estimates for milk, fat, and protein yield 
increased as more matemal relationships were included in the analysis. Estimated heritability 
for milk yield was .25 considering sire relationships only, versus .35 when all relationships 
were considered. Dong et al. (1988) also compared heritability estimates when data included 
all records available and only records from daughter-dam pairs. This procedure was followed 
using three independent data sets, from three different states, New York, California, and 
Wisconsin. Heritability estimates for milk yield were higher using only daughter-dam pairs 
for all three states. The authors concluded that the higher estimates considering matemal 
relationships occurred simply because more information about relationships was taken into 
account. However, an effect that leads to a greater covariance between dams and daughters 
than between sires and daughters could also cause the reported results. 
Several researchers have reported that indicators of dam transmitting ability predict 
sons' transmitting abilities less accurately than theory dictates. Powell et al. (1981) regressed 
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average Modified Contemporary Deviations (MCD) of cows and bulls' daughters on MCD of 
their dams. Modified Contemporary Deviation is a standardized lactation record expressed 
as a deviation from herdmates (Powell, 1985). Partial regression coefficient for dam MCD 
was lower than expected for sire MCD and higher than expected for daughter MCD. 
Samuelson et al. (1991) found similar results using predictions from national animal model 
genetic evaluations (Wiggans and VanRaden, 1989). Samuelson and co-workers regressed 
bull daughter yield deviations on dam predicted transmitting abilities. The regression 
coefficient was lower than expected. These results could indicate the presence of preferential 
treatment of some cows and their daughters. A report by Van Vleck (1986) pointed to 
preferential treatment as a cause for concern for dairy breeders. However, these results may 
be also a consequence of some maternal effect that was not accounted for by the analysis. 
Results from several dairy crossbreeding studies have shown that reciprocal crosses 
do not always produce at the same level (Rincon et al., 1982; Touchberry, 1992; McAllister 
et al., 1994). This phenomenon may also indicate matemal effects. Citing results from an 
Illinois crossbreeding experiment, Touchberry (1992) reported that crosses with Guernsey 
dams and Holstein sires produced more milk than offspring with Guernsey sires and Holstein 
dams. Rincon and co-workers (1982) crossed Holsteins, Brown Swiss, and Ayrshires; and 
found that reciprocal crosses of Holsteins and each of the other two breeds differed. 
McAllister compared Ayrshire/Holstein crosses and reported significantly higher lifetime 
income for crosses with Ayrshire dams. Some sort of matemal effect could be responsible 
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for these differences. Other explanations are plausible. A specific paternal effect could also 
cause differences between the crosses. Another possibility is genomic imprinting. 
Genomic imprinting occurs when two genes with identical nucleotide sequences are 
expressed differently, depending on the route of transmission. Hall (1990) reviewed the 
subject and presented three distinct examples of genomic imprinting: 1) selective elimination 
of paternal chromosomes (Grouse, 1960), 2) selective inactivation of paternally transmitted 
X-chromosomes (Lyon and Rastan, 1984) and 3) Variable expression of genes, depending on 
whether genes are inherited from the sire or dam. The third example of genomic imprinting 
could cause differences in production between reciprocal crosses of dairy breeds. For 
example, the results Touchberry (1992) reported could occur if a gene for increased 
production was essentially fixed in Guernseys, but expressed only if transmitted by a cow to 
her daughter, not if passed from a bull to his daughter. This type of genomic unprinting has 
been detected in mice (Bander et al., 1989). Hall (1990) suggested that it may be why certain 
human genetic diseases, such as Huntington's disease, vary in severity and age of onset 
depending on whether the gene inherited from the male or female parent. Genomic 
imprinting could also explain lower than expected correlations between the predicted 
breeding values of dams and their sons. 
Clearly there is evidence that some cow families may arise for reasons other than 
simple superiority for additive genetic makeup. There may be some unique factor that dams 
have in common with their daughters and don't always share with the daughters of their sons. 
Direct maternal genetic effects, preferential treatment and genomic unprinting are among the 
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plausible explanations for higher than expected similarities between dam and daughter. But 
these factors can not explain all increases in covariance between related females. Not all 
animals are likely to be preferentially treated, direct maternal and genomic imprinting effects 
would be subject to segregation and recombination effects each generation. 
Bell et al. (1985) suggested that cytoplasmic inheritance may also be responsible for 
apparent maternal effects. Cytoplasmic inheritance would occur if there is some unique 
aspect of the cytoplasm of the egg cell that distinguishes it from the sperm. Bell suggested 
mitochondria as a likely candidate for the vehicle of cytoplasmic inheritance. 
Mitochondria 
There are three major reasons why one might suspect that mitochondria play a role in 
cytoplasmic inheritance. First, several of the critical energy generating biochemical 
pathways occur exclusively in mitochondria. Second, mitochondria have their own unique 
genome, coding for several critical proteins for these biochemical pathways. Third, 
inheritance of mitochondria is almost exclusively maternal (Hutchinson, 1974). The only 
known exception to this rule was reported in mice following 26 back-crosses (Gyllensten et 
al., 1991) 
Energy Conversion in Mitochondria 
Mitochondria are among the most indispensable cellular organelles. They are similar 
to bacteria in shape and size, being oval, with a diameter of about half a micron and length of 
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two to five microns (Grivell, 1983). Cells can have anywhere from a few to many hundreds 
of mitochondria, depending on the energy demands of the tissue. Number of organelles per 
cell also depends on cell size, Piko and Matsumoto (1976) found that mouse egg cells had 
more than 92,000 mitochondria. Mitochondria were first detected by light microscopists in 
the mid 1800s (Tzagoloff, 1983) and were initially isolated in the late 1940s (Hobeboom et 
al., 1948). Mitochondria have two membranes, an outer membrane that is relatively 
permeable to most small molecules, and an inner membrane with limited permeability 
controlled by specific membrane bound carrier proteins (Stryer, 1988). The imer matrix is 
highly folded and surrounds a liquid matrix. 
The importance of mitochondria lies in that they are the site of nearly all of the 
generation of cellular energy. All but two of the 36 to 38 adenosine triphosphate (ATP) 
molecules produced from the complete oxidation of one molecule of glucose are products of 
reactions in the mitochondria (Stryer, 1988). Two molecules of ATP are produced directly 
from oxidation of pyruvate via the tricarboxylic acid (TCA) cycle, also known as the citric 
acid, or Kreb's cycle. The TCA cycle is confined to the mitochondrial matrix. Fatty acids 
are also oxidized in reactions occurring in the matrix. The electrons removed during 
oxidation are transferred by flavin or nicotinamide carrier molecules to a five-enzyme 
electron complex located in the mitochondrial inner membrane. The transfer of electrons 
through the complex results in the pumping of protons out of the matrix, creating a gradient 
across the inner membrane. The proton-motive force generated by this process drives the 
synthesis of ATP. Protons move back into the matrix through a channel in ATP-synthesizing 
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enzyme complex that spans crosses the inner membrane. ATP is produced by the 
phosphorylation of adenosine diphospate. Since this reaction is coupled with the oxidation of 
glucose, the entire process is called oxidative-phosphorylation. Differences in the efficiency 
of these reactions may occur if they genes that code for the protein catalysts are different 
across the population. 
Mitochondrial DNA 
All of the mitochondria's structural proteins and enzymes of the TCA cycle and fatty-
acid oxidation pathways are synthesized from genes of nuclear origin. So too are enzymes 
responsible for the replication and translation of mitochondrial DNA (mtDNA). However, 
several of the proteins required for oxidative phosphorylation are encoded by mitochondrial 
genes. In all, 61 polypeptides are needed to form the five multi-subunit enzymes of the 
respiratory chain. Forty-eight of these polypeptides are derived from nuclear DNA (Grivell, 
1989). The remaining thirteen polypeptides are encoded by the mitochondrial genome (see 
Figure 1). Among these thirteen polypeptides are seven subunits of NADH-Q reductase, one 
of the three protein-pumping complexes. In addition, mtDNA codes for three cytochrome 
oxidase subunits, two subunits of ATPase, and one cytochrome oxidase unit (Stryer, 1988). 
The mitochondrial genome also includes genes that encode the 22 transfer ribonucleic acids 
(tRNA) and 2 ribosomal RNA (rRNA) used for protein synthesis. Like nuclear DNA, 
mtDNA is double stranded. All but one of the proteins are encoded on the heavy (more 
dense) strand. Genes for both rRNA and eight tRNA are also located on the heavy strand. 
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The number of DNA molecules per organelle and cell seems to be quite variable. 
Number of molecules can range from around 100 to more than 1000 (Clayton, 1984). Robin 
and Wong (1988) reported that rabbit peritoneal macrophages had 220 mtDNA molecules per 
cell while lung macrophages had more than 1700. They concluded that variability was due to 
differences in number of mitochondria per cell rather than number of DNA molecules per 
organelle. They found number of molecules per organelle to be relatively constant. 
However, Williams (1986) reported that mtDNA copy number varied with the respiratory 
requirements of the cell. 
One notable difference between mammalian mtDNA and nuclear DNA is the lack of 
introns in mtDNA. The only large region of DNA that does not code for functional RNA is 
the displacement loop (d-loop). The d-loop includes the origin of heavy strand replication 
and promoters of transcription for both the heavy and light strands (Chang et al., 1981). The 
origin of light strand replication is nested among a group of tRNA genes (Bibb et al., 1981). 
Other features distinguish mitochondrial and nuclear DNA. First, the two genomes 
do not share the exact same genetic code, albeit the differences are few. The triplet AUG is 
the universal start codon and signals for methionine. The mitochondria code also allows 
AUA, AUC, and AUU to code initiate translation and code for methionine. Normal stop 
codon UGA codes for tryptophan, while AGA and AGG signify stops, rather than the normal 
standard arginine (Singer and Berg, 1991). These alterations allow for another striking 
feature of the mitochondrial genome. Sixty-one tRNA are used during nuclear protein 
synthesis. Only 22 are necessary by mitochondrial. More diversity is accepted at the last 
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position of the nucleotide triplet. Thus, mitochondrial tRNA can recognize either two or four 
different codons (Grivell, 1983). Finally, transcription of mtDNA is unlike transcription of 
most nuclear genes. Primary messenger RNA (mRNA) transcripts are produced extending 
across several genes, rather than one at a time. Transcripts are cleaved later, at sites adjacent 
to tRNA. 
Variation of Mitochondrial DNA and Function 
It is logical to hypothesize that differences among cow families may be at least 
partially because of differences in the mitochondrial genes that the families transmit. This 
hypothesis can be valid only if there is variability in mitochondrial sequences across families. 
Evidence of mitochondrial genetic variance has been reported. 
Numerous researchers have reported a high level of mtDNA variation in humans. In 
fact, it is estimated that mutation rate of mtDNA is from ten (Brown et al., 1982) to 
seventeen (Wallace et al., 1987) times higher faster than nuclear DNA. Several researchers 
have attempted to trace the path of human evolution by constructing parsimony trees based 
on mtDNA sequences of human populations (Vigilant et al., 1991, Templetion, 1992). 
Scientists have also foiond variation in bovine mtDNA. The complete bovine 
mitochondria genome was first sequenced by Anderson et al. (1982). Since then, others have 
used this sequence as a guidepost to detect mtDNA variation in their populations of cattle. 
Laipis and co-workers (1982) used restriction fragment length polymorphism (RFLP) 
methods to look for variation in bovine mtDNA. They found variation among maternal 
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lineages at eight sites around the genome. They also reported variability within lineage at 
one site. Koehler (1989) also used RPLP analysis to test for variability in mtDNA of cows 
from 38 maternal lineages from the Iowa State Uruversity (ISU) breeding herd. She 
identified thirteen cases of polymorphism. The variation occurred within lineage at two of 
the sites. 
Ron et al. (1992) used RFLP to look for variability in the mtDNA of 67 lineages of 
Israeli cows. They detected 33 sites of polymorphism. One of these sites varied within 
lineage. Another varied among samples from the same cow. 
Lindberg (1989) looked for sequence differences in the same 38 Imeages tested by 
Koehler (1989). He used a more sensitive analysis, sequencing part of the genome. His 
examination was confined to the d-loop region. Fifty-one sites of polymorphism were 
detected in the mtDNA. Forty-eight were cases of nucleotide substitutions, of which ten 
were transversions. One deletion and two variable length poly G regions were also 
characterized. 
Johnston (1991) used a similar procedure, but sequenced the mtDNA encoding both 
rRNA and three adjacent tRNA. Cows from 29 ISU lineages were used. He reported eleven 
sites of sequence variation; ten were transitions and the other was a variable length 
homopolymer. All polymorphisms detected by Johnston occurred in the rRNA genes. 
Smith (1993) sequenced the d-loop for 36 cows from 18 maternal lineages from North 
Carolina herds. She found 23 cases of polymorphism, with respect to the Anderson et al. 
(1982) sequence. At one site all cows examined by Smith were the same, but did not match 
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the standard sequence. There were many cases of variability within lineage. Wu et al. (1994) 
sequenced part of the rRNA regions for the same cattle. Differences from the standard 
sequence were detected at three sites. Once again, a great deal of the variation occurred 
within lineage. 
Eledath and Hines (1994) used a polymerase chain reaction (PGR) technique to look 
for variation among cattle firom the Ohio State University herd. They used primers 
specifically designed to detect variation at eight of the sites at which Lindberg (1989) 
reported polymorphism. Four of the eight sites were polymorphic in their population. 
The d-loop does not code for any fimctional RNA, so variation in this region would 
not directly cause the synthesis of an altered protein. However, since promoters for 
transcription and the origin of heavy strand replication are located in the d-loop, mutations 
could effect rates of transcription and replication, and in turn, phenotype (Schutz, 1992). 
Polymorphism in the rRNA regions my affect efficiency of protein synthesis (Johnston, 
1991). 
Genetic variation at the molecular level does not necessarily cause detectable changes 
in the fimction of the organism (Kimura, 1968). However, variation in mitochondrial 
fimction can be linked with differences in mtDNA. The first evidence of a mitochondrial 
mutation was reported in the late 1940s. Ephussi et al. (1949) discovered a mutation that 
prevented growth of yeast strains in non-fermentable media. The mutant yeast grew at a slow 
rate on media with simple sugars that could be fermented. The mutation caused a loss of 
fimction of the electron transport machinery. This, and the fact that the mutation was 
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inherited in a non-Mendelian fashion led Ephussi and co-workers (1949) to conclude that the 
mutation had a cytoplasmic source. Later research confirmed his suspicions (Tzagoloff, 
1982). 
Changes in mitochondrial function have also been noted in humans. Altered forms of 
mtDNA have led to differences in mitochondrial function and, in turn, to several human 
diseases. Evidence suggests that certain ailments of the brain (Hess et al., 1991), eyes 
(Wallace et al., 1988), heart (Corral-Debrinski et al., 1991), and skeletal muscle (Holt et al., 
1988) result from mitochondrial mutations. Wallace (1992) further suggested that 
mitochondrial effects play a role in aging. A review of mitochondrial diseases has been 
compiled by Holt et al. (1988). 
Research about quantitative traits as we know them in livestock is rarely performed in 
humans, but in a few species a relationship between lactation and mitochondria function 
seems to exist. Rosano and collaborators (1976) found that both mitochondrial numbers and 
enzymatic activity were increased during lactation in mice. Lindberg et al. (1989) compared 
mice firom lines that were genetically divergent for milk yield. They isolated mitochondria 
firom the mammary glands of the mice and compared in-vitro ATP synthesis. They found 
that ATP production was higher by mitochondria from the high milk line mice, depending on 
the substrate used. Brown et al. (1988) calculated the correlation between in-vitro ATP 
synthesis and several estimators of milk producing ability of ten Holstein cows. Correlation 
between phenotypic milk yield and ATP production rate was nearly .50. However, the 
relationships between ATP synthesis and other indicators of milking ability were not as large. 
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Phenotvpic Effects of Maternal Lineages 
Armed with the knowledge that mitochondria were transmitted maternally and that 
they carried an independent, genome across lineages, several researchers decided to examine 
the relationship between production traits and maternal ancestry. Cattle could be assigned to 
lineages by tracing pedigrees back to the earliest known distinct female ancestor. Maternal 
lineage could then be included as an effect in a model similar to one used to predict 
transmitting abilities. 
Bell et al. (1985) had standardized first lactation records from six North Carolina 
herds. Maternal lineages were established based on the herds' foundation females. These 
foundation females were purchased from many herds across the state. When two females had 
been purchased from the same herd, ancestry was traced further to see if pedigrees converged 
to an earlier female. Bell and collaborators required at least 5 cows per lineage before 
inclusion in his data. Records from 4461 cows representing 102 lineages were available for 
his study. Most cows were at least ten generations removed from the founder female of the 
lineages, so the additive genetic relationship between the founder cow and her analyzed 
offspring was minimal. They examined the relationship between cytoplasmic source and 
yields of milk, fat, and 3.7% fat corrected milk, and each of these variables corrected for days 
open. They also studied the effect of maternal lineage on milk fat concentration. Several 
models were compared. Using a model that accounted for effects of sire, herd, calving year 
and month, and age, Bell et al. (1985) determined that maternal lineage accoimted for 2.0, 
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1.8, and 3.5 percent of the variation in milk yield, fat yield and fat percentage, respectively. 
Other models included additional effects and covariates to account for more additive genetic 
effects. Results from all models indicated that cytoplasmic source was a significant source of 
variation in fat percentage. Strong relationships between maternal lineage and yield traits 
were usually foxmd as well, but resuhs varied depending on model of analysis. Bell et al. 
concluded that "cytoplasmic origin was a significant source of variation of production traits 
of dairy cattle." 
Huizinga et al. (1986) had first parity records from 290 cows in a Dutch experimental 
herd. Lineages were defined by tracing ancestry back to the herd's foundation females. 
Cattle were assigned to 74 lineages, each with at least two members. Effects in the model 
were the district where lineage foundation cattle were purchased, sire breed, calving year and 
season, age at calving and estimated breeding values of sire and maternal grandsire. 
Maternal lineage was associated with 6,10, 5, 6, and 13 percent of the variance in milk yield, 
combined fat and protein yield, fat percentage, protein percentage, and total economic 
returns. Cytoplasmic origin was not a significant source of variance for any of the traits, 
despite accounting for more variance than reported by Bell et al. (1985), presumably at least 
partially because of low numbers of observations, and therefore fewer residual degrees of 
freedom for significance tests. 
Tess et al. (1987) examined cytoplasmic effects on milk yield in two North Carolina 
beef cattle herds. They investigated the relationship between maternal lineage and milk 
yield, average daily gain (ADG), and weight at 205 days (WT205). Herds were part of a 
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selection experiment with three divergent lines. One was located at Raleigh, NC and had 
milk records (determined from a suckling method) from 418 cows and 20 lineages. The other 
herd was located at Plymouth, NC and data were from 522 cows and 13 lineages. Lineages 
were defined by tracing pedigrees to herd foundation females. The authors performed 
analyses within herd and used models that accounted for fixed effects of year and selection 
line, and random effects of matemal lineage, cow within lineage, and residual. Cytoplasmic 
effect on milk yield was highly significant (p<.01) for the Raleigh herd and approached 
significance for cattle at Plymouth. It accounted for 4 percent of the variance at Raleigh and 
1 percent at Plymouth. A slightly larger pool of data was available for analysis of growth 
traits; 1189 records from 27 lineages and 1599 records from 15 lineages at Raleigh and 
Plymouth, respectively. Cytoplasmic source was associated with 5 percent of the variation in 
both growth traits at Raleigh and 2 percent of differences among the traits at Plymouth. 
Correlations between mixed model solutions for matemal lineage for growth traits and milk 
were high (>.70). This led the authors to conclude that "cytoplasmic effects (on growth) 
were mediated through milk production." They qualified the statement however, granting 
that "more research is needed to confirm these results." 
Schutz et al. (1992) analyzed records from the Iowa State University breeding herd 
described by Dunklee et al.(1994). Matemal lineages were established based on the earliest 
female ancestor recorded in the Holstein-Friesian Herdbook (Wales, 1885). Traits examined 
were mature equivalent milk, fat, and solids-not-fat (SNF) yield, and milk fat and SNF 
percentages. Since mitochondria are responsible for cellular energy production, Schutz et al. 
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(1992) also calculated lactational milk energy yield and concentration and studied their 
relationships with cytoplasmic source. Several models were used and matemal lineage 
considered a fixed effect. In contrast to previous studies, Schutz et al. (1992) employed a full 
animal model (Henderson, 1984) to account for a additive genetic relationships among the 
animals. Matemal lineage was statistically significantly (p<.05) associated with fat 
percentage and milk energy concentration for all models, and with fat yield, for some of the 
models. Cytoplasmic effects accounted for 5.2, 4.1, and 10,5 percent of the within-herd 
phenotypic variation of milk, fat, and fat percentage, respectively. Ranges of mixed model 
solutions for matemal lineages were 2934 kg milk, 154 kg fat, and .907% fat. 
Some researchers have questioned the importance of cytoplasmic effects and the 
validity of some conclusions inferred by those reporting on maternal lineages effects. Reed 
and Van Vleck (1987) compared heritability estimates from daughter-dam and 
granddaughter-grandam records. Records were DHIA records from the Northeastern US. A 
higher estimate from granddaughter-grandam covariances would suggest the presence of a 
cytoplasmic effect. No effect was indicated based on their results, as heritability estimates 
were actually higher from daughter-dam regression for all three traits (milk, fat, and fat 
percentage) compared. However, they assumed all three generations of cows were subject to 
the same environment effects, an assumption not likely to be valid for field data. Moreover, 
in a subsequent paper, Kirkpatrick and Dentine (1988) presented an alternative model, which 
included and interaction between cytoplasmic and additive inheritance. It yielded equivalent 
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estimates of heritability from daughter-dam and granddaughter-grandam regression, even in 
the presence of a cytoplasmic effect. 
Kennedy (1986) simulated a closed population, modeled to emulate the one analyzed 
by Bell et al. (1985), but with no cytoplasmic effect. When a cytoplasmic effect was 
included in a model to analyze the data, tests showed its relationship with milk yield and fat 
percentage was statistically significant. Maternal lineage accounted for 1.4% of the variation 
in milk yield and 3.2% of the variation in fat percentage. These values approached those of 
Bell et al. (20 and 3.5%, respectively). Keruiedy reasoned that spurious cytoplasmic effects 
could results from random genetic drift within the population, since all additive genetic 
covariances between animals were not accounted for by the sire model used by Bell and co­
workers. He speculated that use of an animal model would properly account for additive 
genetic relationships and could separate cytoplasmic and additive genetic effects. 
Southwoood et al. (1989) confirmed that the use of an animal model would in fact partition 
additive and cytoplasmic variance properly. It should be reiterated that Schutz et al. (1992) 
used animal models with completed relationship matrices for all their analyses. 
Relationships of Production and Mitochondrial DNA Polymorphism 
Few researchers have studied the relationship between production traits in dairy cattle 
and differences among maternal lineages at the molecular level. Ron et al. (1992) examined 
the distribution of rare mitochondrial RFLP's across four groups of maternal lineages of 
Israeli cattle. Thirty-three lineages were assigned to low, average, or high groups depending 
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on estimated lineage effect after adjustment of records for sire, sire group, and herd-year-
season effects. A fourth group was called "Elite" and consisted of 34 lineages that had at 
least one cow with lifetime milk production greater than 100,000 kg. Results from a chi-
square analysis indicated non-random distribution (P < .001) of rare RFLPs across groups. 
Rare RFLPs were much more prevalent in the high and low group than in the average or 
"Elite" groups. Ron et al. suggested that this may indicate a relationship between some of 
the RFLPs and yield. However, Gibson and Freeman (1994) reported that the significant 
result was because of two lineages (one in the high group, one in the low group) that had 
unusually high numbers of rare RFLP. 
Schutz et al. (1994) used an animal model to relate the mtDNA d-loop sequence 
information reported by Lindberg (1989) with production of multiparous cows in the ISU 
breeding herd. Effects of the seventeen most common polymorphisms were included as 
covariates in a model that included fixed effects of year-season of calving, parity, and 
selection line, and random effects of animal, permanent environment, and residual. 
Production traits measured were mature equivalent milk, fat, and SNF yield, fat and SNF 
percentage, and milk energy yield and concentration. Significant relationships were found 
between eleven polymorphisms and at least one trait. A base change at site 169 (numbered 
according to Anderson et al., 1982) was associated with an additional 482 kg milk, 24 kg fat, 
and 51 kg SNF. Members of lineages with polymorphism at nucleotide 16074 produced 842, 
37, and 85 kg more milk, fat, and SNF than cows from lineages with the standard sequence. 
Statistically significant (p<.05) relationships between mtDNA sequence and several health 
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traits were also reported. In a similar analysis, Schutz et al. (1993) clustered lineages based 
on similarity of d-loop genome and found significant relationships between several 
production traits and lineage cluster groups. 
Impacts of Cytoplasmic Inheritance 
Cytoplasmic effects, assuming they exist, can affect genetic trend by altering the 
parameters used to predicted selection response(0'Neill and Van Vleck, 1988). Selection 
response in a population can be estimated by using the simple formula Ag = AG / L, where 
AG = r * i * (Van Vleck et al., 1987). The Ag is genetic gain per year, r is the correlation 
between true and predicted breeding value, i is selection intensity, and is additive genetic 
variance, and L is generation interval. This simple formula is not directly applicable for 
dairy cattle breeding however, because AG and L are very different for each of the four 
selection paths, sire to sire (SS), dam to sire (DS), sire to dam (SD), and dam to dam (DD). 
Considering these pathways Rendel and Robertson (1950) presented a more applicable 
version of the formula: 
DS SD DD 
^SS Lps + Lsd LQD 
Prediction of genetic response is further complicated by the fact that the dairy industry 
employs progeny testing and two-stage selection of sires. Dickerson and Hazel (1940) first 
outlined how various parameters in the equation changed with multiple stage selection. Even 
when one accounts for the four pathways and multiple stage selection, the predicted response 
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only represents the asymptotic response to selection. Generations overlap in dairy cattle, and 
genes from selected animals may not pass through the population for several years. There is 
a lag time before actual response approaches the asymptotic prediction (Hill, 1974). 
Dickerson and Hazel (1944) and Rendel and Robertson (1950) also addressed the problem of 
overlapping generations. Hill (1974) described a matrix algebra method to predict genetic 
gain accounting for overlapping generations. Harris and Freeman (1991) expanded on this 
procedure, their method considered effects of overlapping generations, multiple selection 
pathways, two-stage sire selection, and multiple trait selection. The impact of cytoplasmic 
inheritance on genetic trend can be examined by adjusting the parameters of selection, 
accuracy and estimated genetic variance, appropriately and using methods of Hill or Harris to 
predict trend. 
O'Neill and Van Vleck (1988) concluded that cytoplasmic inheritance, if ignored, 
would cause an over-estimation of heritability, if based on daughter-dam regression. 
Southwood et al. (1989) demonstrated that restricted maximum likelihood estimates of 
heritability from an animal model would also be biased upward if a cytoplasmic effect was 
present and not accounted for, but determined estimates of variance were unbiased if the 
correct model was used. Rothschild and Ollivier (1987) analyzed data from experimental 
mice lines and found reported different estimates of genetic variance from different models. 
Adding a c5^oplasmic term to the model greatly reduced the estimate of genetic variance. 
O'Neill and Van Vleck (1988) claimed that genetic evaluations for bulls and dams would be 
inaccurate if these estimates were used in genetic evaluations (to establish priors for best 
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linear unbiased predictions). They further stated that expected genetic gain would be over 
estimated because both accuracy and genetic variance would be biased upward, but genetic 
trend would not be affected much by incorrect heritability estimates. 
O'Neill and Van Vleck (1988) also addressed selection for cytoplasmic effects. They 
concluded that total genetic gain would be increased slightly, at best. They explained that 
selection for cytoplasmic effects can be done directly only through the dam to dam pathway. 
Sires neither express maternal lineages effects for production, nor transmit them to their 
daughters. They pointed out that selection in the dam to dam pathway is not very intense. 
Van Vleck (1993) suggested that benefits of selection for cytoplasmic effects might be seen if 
female reproductive rates could be greatly increased and if variance of cytoplasmic effects 
was greater than 5% of phenotypic variance. He doubted, however, that cytoplasmic effects 
were that important. He speculated that since there is no recombination of mtDNA to 
maintain genetic variance, superior cytoplasmic lines would soon become fixed. The 
relatively small size of the mitochondrial genome means that many fewer combinations of 
mtDNA exist than combinations of nuclear DNA. Those combinations that remain in the 
populations after a few generations of selection are likely to be near optimum. 
Neither O'Neil nor Van Vleck (1988,1993) addressed the specific impacts of 
cytoplasmic effects on the selection dams of future progeny-test sires. Accuracy of bull dam 
selection is very important for maximum genetic trend. Biases in the predicted transmitting 
abililities of these cows may have profound and costly implications. 
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Gibson and Freeman (1994) pointed out that the mitochondrial genome encodes 37 
genes, while nuclear DNA encodes approximately 70,000. This 2000 fold disparity might 
lead one to question the relative importance of mtDNA genes. They granted that the high 
copy number of mtDNA (greater than 200 per cell), importance of mitochondria in cellular 
fimction, and high mutation rate of mitochondrial DNA suggest that its contribution to 
genetic variance could be much larger than would be expected based on size alone. They 
added that further research is needed to confirm or deny the importance of cytoplasmic 
inheritance. They further concluded that precise estimation of cytoplasmic effects and 
practical use of the information will be challenging. 
The rewards attained by accounting for cytoplasmic effects may justify the efforts 
made in estimating them. Schutz et al. (1992) suggested three possible benefits of 
considering cytoplasmic effects during selection. First, information about maternal lineage 
effects could be worth considering when choosing potential donors and recipients when 
performing embryo transfer. Second, adjustment for cytoplasmic effects would result in 
more accurate selection of dams of progeny test sires. Finally, accounting for cytoplasmic 
effects could be very important when using nuclear transfer. Enucleated ova into which 
pronuclei are transferred could be selected based on predicted maternal lineage effect. 
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TRAITS OF HOLSTEIN CATTLE 
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ABSTRACT 
Maternal lineage effects on production traits were examined by using animal models. 
Data were 6054 multiparous records of2264 cows from six herds in North Carolina and the 
Iowa State University breeding herd. Separate analyses were performed by using first-parity 
records from North Carolina, all records from North Carolina, and pooled records from North 
Carolina and Iowa. Traits were mature-equivalent milk, fat, and protein yield; fat and protein 
percentage; and milk energy concentration and yield. Cattle were assigned to maternal lineages 
on the basis of earliest recorded female ancestor. Effects in the models were fixed state, herd-
year-season, parity, and maternal lineage, and random animal, permanent environment and 
residual. All additive genetic relationships were considered. In all analyses, maternal lineage 
was associated with significant differences in fat percentage and milk energy concentration. 
Differences between maternal lineages for yield traits were not significant. Variance 
components were also obtained by using REML and the same data and models, but considering 
lineage a random effect. Maternal lineage accounted for 2.7% of the variance in fat percentage. 
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based on records pooled from Iowa and North Carolina. Otherwise, < 1% of the variance in 
any trait was associated with maternal lineage. 
(Key words: maternal lineage, production treiits) 
Abbreviation key: ISU = Iowa State University, MEFAT = mature equivalent fat, MEMILK 
= mature-equivalent milk, MEPRO = mature equivalent protein, ML = maternal lineage, NC = 
North Carolina. 
INTRODUCTION 
Certain cow families (groups of maternally related dairy cattle) receive much attention 
from dairy cattle breeders. Presumably, these families are superior in their additive genetic 
makeup, but other factors may contribute to their prominence. Among these factors is 
cytoplasmic inheritance. CelMar components, includmg mitochondria, are transferred from 
dam to offspring in the egg cell, but rarely from sire to offspring. 
It is reasonable to hypothesize that mitochondria may be a source of cytoplasmic 
inheritance. Evidence strongly suggests that mitochondria are almost exclusively passed from 
dam to offspring in mammals. Only one case of paternal transmission has been reported; this 
occurred after 26 generations of backcrossing in mice (4). Furthermore, mitochondria are the 
site of approximately 90% of the ATP production in animals (16). Mitochondria have their 
own genome, which codes for enzymes necessary in reactions that produce ATP. Sequence 
variation in this DNA has also been documented in dairy cows (8,9). 
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A relationship between maternal ancestry and milk production traits has been 
demonstrated (1,6,12,13,14). Maternal lineages (ML) are established by tracing cows' ancestry 
back to the earliest recorded female ancestor. On the basis of records from more than 4000 
cows in six herds, Bell et al. (1) found that approximately 2% of the variation in yield traits and 
3.5% of the variation in milk fat percentage was associated with ML. Huizinga et al. (6) 
reported that 10% of the variation in milk, fat, and protein yield and 13% of the variation in 
total economic returns of milk production could be explained by differences in maternal 
pedigree. Schutz et al. (12,13) used an animal model and records from the Iowa State 
University (ISU) breeding herd (3) and foxmd statistically significant associations between ML 
and fat yield, fat percentage, and milk energy concentration. They also estimated ML variance 
components by using REML and a different model that did not account for all relationships 
among cows and determined that 5.2,4.1, and 10.5% of the variation in milk yield, fat yield, 
and fat percentage, respectively, was associated with ML. Schutz et al. (13) also grouped ML 
according to specific mtDNA sequences. They found that cows in lineages with certain 
sequences produced at significantly different levels from their contemporaries in lineages in 
which the same sequences did not occur. 
Other studies have yielded results that might lead one to question the importance of 
cytoplasmic inheritance (7,11). Reed and Van Vleck (11) regressed daughter and 
granddaughter records on those of dams and granddams, respectively, and concluded that 
cytoplasmic effects were not present for milk and fat percentage, but records had been adjusted 
for fixed effects on the basis of daughter records only. It was assumed that the effects on dam 
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and granddam records were the same as on daughters' records. This assumption is likely to be 
violated when using field data. Kennedy (7) simulated and analyzed a population similar in 
size to that of Bell et al. (1), but without cytoplasmic effects. He concluded that a model that 
ignored some relationships between animals, such as the one Bell et al. (1) used, could yield 
spurious results, causing one to incorrectly conclude that ML was associated with production 
traits. Animal models, such as the one used by Schutz et al. (12,13,14) account for these 
relationships. Southwood et al. (15) found that ignoring a maternal genetic effect could result 
in a slight overestimation of the cj^oplasmic component of variance, but confirmed that a 
correct animal model would partition variance into proper sources. Further, the influence of 
direct maternal genetics on dairy production traits is negligible (13,14,18) and usually has been 
ignored in models used to estimate cytoplasmic effects. 
Bell et al. (1) and Schutz et al. (13,14) have considered ML effects to be fixed. Because 
ML are defined based on earliest recorded female ancestor and because mtDNA is not subject 
to the same recombination and independent assortment of nuclear DNA, ML are readily 
repeatable across time. Others have suggested that ML effects are random (Kennedy, pers. 
commun., 1994), viewing ML as a random sample from some large population of interest. 
The objective of this research is to estimate influence of ML on milk production traits 
by using an animal model and data firom multiple herds and comparing analyses when ML is 
considered fixed or random. 
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MATERIALS AND METHODS 
Data 
Three sources of data were used for the analyses: 1) primiparous Holstein cattle from 
North Carolina (NC), 2) multiparous cattle from NC, and 3) multiparous cattle pooled from NC 
and the ISU breeding herd. Results from single- and multiple-lactation cows in the ISU 
breeding herd have been reported by Schutz (13,14). The NC data were from the North 
Carolina State University dairy herd and five commercially managed herds owned by die NC 
Department of Agriculture. The analysis of first lactation records from NC included 1884 cows 
that initiated their lactations between January 1981 and December 1989. Analysis of 
multiparous records was performed at a later date, thus including more animals. There were 
4245 records from 1918 cows in the multiparous data. All cows were required to have a first-
lactation record included in the data to minimize selection bias (10). Cattle had up to eight 
parities. Cows were also required to have at least 15 days m milk. When the NC data were 
pooled with those from ISU, 6054 records from 2264 cows were available. Maternal lineages 
were established as based on the earliest female ancestor in the Holstein herdbook (19). North 
Carolina cattle were from 45 different lineages, and ISU cattle were members of 36 lineages. 
No lineages were in common between both states. Most of the NC lineages were represented in 
more than one herd. Eight of the ISU lineages had members in both of the experimental 
selection lines (3). 
Traits that were analyzed include mature-equivalent (2x-305d-ME) milk, fat, and 
protein yields (MEMILK, MEFAT, and MEPRO, respectively) and fat and protein percentages. 
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Because mitochondria play an integral role in energy conversion, milk energy concentration 
was calculated by using the following equation derived by Tyrell and Reid (17): 
Energy concentration = 89.77 (fat%) + 49.93 (pro%) + 226.57. 
Lactational energy yield was obtained by multiplying energy concentration by MEMILK. 
Solids-not-fat was recorded for all cattle in the ISU herd, whereas protein recording has been 
done only in recent years. Therefore, milk, fat, and fat percentage were the only traits analyzed 
by using pooled data. 
Models 
The models used for the analyses were of the form: 
y = Xb + Zu + e, 
where y is a vector of observations, b is a vector of fixed effects, u is a vector of random 
effects, and e is a vector of random residuals. Matrices X and Z are incidence matrices relating 
b and u, respectively, to y. 
Maternal Lineage as a Fixed Effect. For first lactation records from NC cows, 
b' = [b'hlb'mi], bh is a vector of fixed herd-year-season of calving effects and b„| is a vector of 
fixed ML effects. Vector u = and its elements are random additive genetic effects. When all 
parities from NC cows were included in the analysis, b' = [b'hlb'n,,|b'p], where bp is a vector of 
fixed parity effects. Vector u' = [u'jlu'p^], where Upe is a vector of random permanent 
environment effects. When all lactations from NC are pooled with those from ISU, 
b' = [b's|b'|,|b'„,|b'p], where bj is a vector of fixed effects of state. Herd-year-season and ML 
effects were nested within state. Vector u' = [u'alu'p^]. For all models. 
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Maternal Lineage as a Random Effect. When ML effects were considered random, the 
models changed slightly. For first parity NC cows, b' = and u' = [u'a|u'„|], where Un,, is a 
vector of random ML effects. When all lactations from NC are analyzed, b' = [b'|,|b'p], and 
u' = [u'alu'pelu'mi]. For the analysis in which all records from NC and ISU were pooled, 
b' = [b's|b'h|b'p], with herd-year-seasons nested v^dthin state, and u' = [u'a|u'pe|u*m|]. For these 
models, 
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where o is maternal lineage variance. 
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Significance tests for ML effects were based on conjugate normal equations (5). The 
test procedure is described in detail by Schutz et al. (13). It is an approximate test, but it is 
exact if true variance ratios are used. Variance ratio priors were chosen by assuming that true 
heritabilities were .25 and .50 for yield and composition traits, respectively. True repeatabilities 
were assumed to be .55 and .75 for yield and composition traits, respectively. Variance 
components were estimated by derivative-free REML by using computational metfiods 
described by Boldman and Van Vleck. (2). 
RESULTS AND DISCUSSION 
Table 1 has means and standard deviations of the records for each of the three data sets. 
Means for yield traits of cows from NC are greater when all lactations are included, probably 
because of voluntary culluig after first lactation. Standard deviations are similar for both first 
and all lactations. The mean for milk yield was decreased when data were pooled from NC and 
ISU because the mean of the ISU cows was less than that of the cows from NC herds. The ISU 
breeding herd is an experimental herd with separate genetic lines bred for high and breed-
average production (3). Inclusion of animals from the average line decreases the mean of the 
ISU cows. Standard deviation of milk yield for the pooled data is larger than that of either NC 
data set because of the differences in means between NC and ISU. Within state, standard 
deviation for milk yield were approximately equal. 
Table 2 has minimum, maximum, standard deviation, and significance level of ML 
solutions obtained from primiparous records from NC. Ranges for yield traits are quite large, 
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TABLE 1. Means and standard deviations for first lactation records from North Carolina (NC), 
all records from North Carolina, and all lactations pooled from North Carolina and Iowa State 
University. 
1 st parity NC All lact NC Pooled 
Trait Mean SD Mean SD Mean SD 
Milk (kg) 8529 1786 8866 1787 8637 1810 
Fat (kg) 318 64 331 67 318 67 
Protein (kg) 275 54 282 54 ~ -
Energy (Meal) 6155 1194 6389 1220 ~ -
[Fat] (%) 3.76 .43 3.76 .42 3.71 .43 
[Pro](%) 3.24 .24 3.19 .24 ~ -
[Energy] (Kcal/kg) 726 46 724 44 — — 
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TABLE 2. Minimum, maximum, standard deviation, and significance level of matemal line^e 
solutions for first parity records fi-om North Carolina. 
Trait Minimum Maximum SD Pr>F 
Milk (kg) -1160 1945 584 NS' 
Fat (kg) -80 54 21 NS 
Protein (kg) -46 51 19 NS 
Energy (Meal) -1208 1049 393 NS 
[Fat](%) -.53 .45 .19 .002 
[Pro] (%) -.27 .24 .09 .010 
[Energy] (Kcal/kg) -54 46 21 .002 
1 NS = Nonsignificant (P > .05). 
44 
exceeding 3000 kg MEMILK, 130 kg MEFAT, 90 kg MEPRO, and 2200 Meal lactational 
energy. However, these differences were not statistically significant. Ranges of ML solutions 
for component concentrations were also large, and these differences were statistically 
significant (P < .05) for all three traits (fat and protein percentage, and energy concentration). 
These results agree with those of Schutz et al. (12,13) and Bell et al. (1), specifically, that there 
is a stronger relationship between ML and fat percentage than between ML and any measure of 
yield. Ranges in solutions were nearly 1.00% for fat percentage, .51 % for protein content, and 
100 Kcal/kg for milk energy concentration. 
Table 3 has minimum, maximum, standard deviation, and significance level for ML 
solutions based on all lactations from NC. Results were similar to those based on first 
lactations. As for primiparous cows, the strongest association with ML was for fat percentage 
and energy concentration, but there were no significant differences between ML solutions for 
protein percentage in later parities. Maternal lineage solutions for yield traits are quite variable, 
but differences were not statistically significant. It seems contradictory that solutions could 
range so extremely while no statistically significant relationship exists. However, the most 
extreme solutions tend to be for ML with very few observations. For example, the most 
extreme solutions for MEMILK (-1026 and 1423 kg), are for line^es with only eight and seven 
observations, respectively. In contrast, several of the extreme ML solutions for fat percentage 
were for lineages with more than 20 observations. Thxis, an additional analysis was done, 
requiring 25 observations per lineage. This requirement excluded 19 Imeages fi-om the data, 
leaving 3963 records fi-om 1776 cows. Means and standard deviations were similar for all traits 
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TABLE 3. Minimum, maximum, standard deviation, and significance level of maternal lineage 
solutions for all records from North Carolina. 
Trait Minimum Maximum SD Pr>F 
Milk (kg) -1026 1423 492 NS' 
Fat (kg) -73 26 18 NS 
Protein (kg) -43 44 16 NS 
Energy (Meal) -1106 676 331 NS 
[Fat](%) -.50 .44 .18 .029 
[Prol(%) -.18 .21 .08 NS 
[Energy] (Kcal/kg) -53 46 19 .002 
1 NS = Nonsignificant (P > .05). 
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before and after removal of these lineages. 
Table 4 has results from the analysis requiring 25 observations per ML. Not 
surprisingly, ranges in solutions for yield traits decreased by more tiian 50%. The relationship 
with ML was not significant for any yield trait. Ranges in solutions for fat percentage and 
energy concentration were also decreased, but only by a factor of approximately 20%. The 
relationship between ML and these two traits was statistically significant (P < .01). 
Results for the analysis after the pooling of NC and ISU records are in Table 5. There 
was a strong relationship between fat percentage and ML and no discernible relationship 
between MEMILK and MEFAT was detected. This outcome is consistent with results from 
previous studies (1,12,13) suggesting that ML is more closely associated with milk composition 
than wdth yield. 
Table 6 has ranges and standard deviations of ML solutions and percentages of within 
herd-year-season phenotypic variance associated with ML among first lactation records from 
NC when ML is considered a random effect. Results from this analysis suggest that there is 
essentially no relationship between ML and yield. Maternal lineage accounted for none of the 
phenotypic variance in MEMILK, MEFAT, MEPRO, and lactational energy yield. As when 
ML was considered fixed, ML was more strongly associated with composition traits than with 
yield, but <1% the within herd-year-season phenotypic variance in any composition trait was a 
result of ML differences. 
Results were somewhat similar when data from all lactations from NC were included. 
Table 7 has low, high, and standard deviations of ML mixed model equation solutions and ML 
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TABLE 4. Minimum, maximum, standard deviation, and significance level of maternal lineage 
solutions for all lactations from North Carolina, among those lineages with more than 25 
observations. 
Trait Minimum Maximum SD Pr>F 
Milk (kg) -427 573 279 NS' 
Fat (kg) -19 26 13 NS 
Protein (kg) -15 21 10 NS 
Energy (Meal) -303 460 207 NS 
[Fat](%) -.35 .41 .15 .010 
[Pro](%) -.12 .15 .06 NS 
[Energy] (Kcal/kg) -37 40 14 .009 
1 NS = Nonsignificant (P > .05). 
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TABLE 5. Minimum, maximum, standard deviation, and significance level of maternal lineage 
solutions for all records pooled from North Carolina and Iowa State University. 
Trait Minimum Maximum SD Pr>F 
Milk (kg) -930 1293 469 NS' 
Fat (kg) -70 51 18 NS 
[Fat](%) -.51 .43 .17 .000 
1 NS = Nonsignificant (P > .05). 
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TABLE 6. Minimum, maximum, and standard deviation of maternal lineage solutions, and 
percentage of phenotypic variance' associated with maternal lineage as a random effect for first 
parity records from North Carolina. 
Trait Minimum Maximum SD %of  
vp^ 
Milk (kg) 0 0 0 0 
Fat (kg) 0 0 0 0 
Protein (kg) 0 0 0 0 
Energy (Meal) 0 0 0 0 
[Fat](%) -.03 .02 .01 .87 
[Ptc](%) 0 0 0 0 
[Energy] (Kcal/kg) -2.8 2.2 1.0 .97 
1 Derivative-free REML estimates of variance components. 
2 Vp = Total within herd-year-season phenotypic variance. 
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TABLE 7. Minimiim, maximum, and standard deviation of matemal lineage solutions, and 
percentage of phenotypic variance' associated with matemal lineage as a random effect for all 
records from North Carolina. 
Trait Minimum Maximum SD %of  
Milk (kg) -41 47 14 .20 
Fat (kg) -5 3 2 .50 
Protein (kg) -1 1 .3 .18 
Energy (Meal) -59 117 35 .38 
[Fat] (%) -.05 .04 .01 1.17 
[Pro] (%) 0 0 0 0 
[Energy] (Kcal/kg) -3.0 2.2 1.0 .64 
1 Derivative-free REML estimates of variance components. 
2 Vp = Total within herd-year-season phenotypic variance. 
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variance expressed as a percentage of total variance for each of the seven traits. Effects of 
maternal lineages accounted for niore than one percent of variance for fat percentage only. In 
contrast to the analysis of first-lactation records, estimates of ML variance for yield traits were 
not equal to zero. They were less than 1% of total variance, however, and likelihood ratio tests 
indicated that they were not significantly different fi-om zero. The strongest relationship with 
ML was for fat percentage, but even this association was quite weak (1.17% of total variance). 
Estimates for all milk composition traits were not significantly (P > .05) different firom zero, 
when determined by using likelihood ratio tests. Ranges in ML solutions were less than 90 kg 
and 10 kg for MEMILK and MEFAT, respectively, and <.10% for fat percentage. This range is 
much less than when ML was analyzed as a fixed effect because solutions for random effects 
are regressed in proportion to the amount of variance associated with ML, which was small. 
Table 8 has results firom analyses based on all lactations pooled fi-om NC and ISU. 
Estimates of ML variance were larger than when only NC records were considered. Still, ML 
accounted for <1 % of the variance in MEMILK and MEFAT. It was estimated that 2.90% of 
the variance in fat percentage was accounted for by ML. This estimate was significantly 
(P < .05) larger than zero according to a likelihood ratio test. For comparison, variance 
component estimates for ML were available made by using all records fi-om ISU (Schutz, 
unpublished data, 1992). Schutz found that ML accounted for none of the variance in yield 
traits, but slightly more than 5% of the phenotypic variance in fat percentage. This estimate is 
slightly higher than the estimate for fat percentage when records are pooled fi-om NC and ISU. 
The estimate by Bell et al. (1) of 3.5% falls between estimates from ISU (Schutz, unpubHshed 
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TABLE 8. Minimum, maximum, and standard deviation of maternal line^e solutions, and 
percentage of phenotypic variance' associated with maternal lineage as a random effect for all 
records pooled from North Carolina and Iowa State University. 
Trait Minimum Maximum SD % of 
V ^ 
.38 
.71 
2.90 
1 Derivative-free REML estimates of variance components. 
2 Vp = Total within herd-year-season phenotypic variance. 
Milk (kg) -66 76 24 
Fat (kg) -5 4 2 
[Fatl(%) -.10 .10 .03 
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data) and data pooled from NC and ISU. 
CONCLUSIONS 
The relationship between ML (indicative of cytoplasmic inheritance) and milk 
production traits was statistically significant (P < .05) for milk composition traits only. Results 
of four analyses indicated that the strongest relationships were between ML and fat percentage 
and milk energy concentration. Milk energy concentration is a weighted measure, considering 
relative concentrations of energy supplied by milk fat, protein, and lactose. Most previous 
studies of ML effects on production have also indicated a strong relationship between ML and 
fat percentage (1,12,13). Fats are the most energy-dense milk component, and nearly all of an 
animal's food energy is converted to ATP in the mitochondria. Considering the strong 
relationship between fat, energy, and mitochondria and that mitochondria are inherited 
maternally, it is not unreasonable to expect a relationship between ML and fat percentage. 
Maternal lineage solutions for yield traits were quite large for some lineages (> 1000 kg 
MEMILK), but few observations were available for these line^es. The nonsignificant F-test 
for relationship between ML and yield suggests that solutions were not more variable than 
could be expected as a result of random sampling. It might be valuable to conduct an analysis 
on a broader basis so that more lineages could be more well represented. With more 
observations per lineage, more accurate estimations of specific ML effects could be determined, 
inasmuch as solutions would be less subject to sampling variation. 
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When ML effects were considered random, results indicated that ML accounts for only 
a small percentage (typically < 1%) of the within herd-year-season phenotypic variance for all 
traits measured. The strongest association seen was with fat percentage when records were 
pooled from NC and ISU, where ML accounted for approximately 3% of the variance. 
Fat percentage is not nearly as economically important a trait as milk or protein yield; 
however, because fat is produced in excess as compared with protein, it may be of interest to try 
to decrease fat percentage m milk. If selection is for a trait that is controlled by cytoplasmic 
inheritance, it might be valuable to include ML as an effect in a model used to predict breeding 
values. Ignoring ML effects could result in inaccurate predictions of breeding values. Cows 
with a positive ML effect would most likely have upwardly biased predicted breeding values. 
The effect of this bias would not be of great consequence when selecting dams for the next 
generation of cows, because the ML effect would be passed to the daughter. However, 
accuracy of bull dam selection would be affected. A cow will pass her cytoplasmic component 
to her sons, but the son cannot transmit it to his daughters. Progeny testing will help identify 
truly superior sons, regardless, but it would be more efficient to account for ML effects when 
selecting bull dams. Cows with high production because of a favorable ML effect would not be 
considered as bull mothers unless their predicted additive genetic effect was high also. 
If cloning via nuclear transfer becomes feasible in the future, it may be of value to select 
recipient denucleated egg cells on the basis of ML. If cytoplasmic inheritance affects 
production or survival traits, ignoring them in this process could prove costly. 
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It is not clear whether ML should be considered a fixed or random effect. Statistically, 
results were similar for both approaches in that the strongest relationships were with fat 
percentage and milk energy concentration. One can justify either side of the argument. The 
correct answer may depend on the situation. Because mitochondria are thought to be 
transferred with no recombination and very little mutation, ML effects that genetic differences 
among mitochondria cause should be fairly repeatable across time. This argument suggests ML 
should be considered a fixed effect. It may be acceptable to consider ML effects fixed when 
accounting for them while predicting transmitting abilities. On the other hand, when one is 
attempting to predict ML effects for use in dam selection, ML effects may be considered 
random because the inferences made would be about a sample of ML from a larger population 
of ML. 
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ABSTRACT 
Two independent sets of data from the Iowa State University breeding herd and six 
North Carolina herds were used to examine relationships between production traits and 
mtDNA polymorphism. Maternal lineages were established by tracing cows' ancestry to 
founder females in the Holstein herdbook. Iowa State data were 1476 records from 602 cows 
from 29 maternal lineages. The nucleotides of mtDNA encoding rRNA were sequenced. 
Eleven sites of polymorphism were found. A gene-substitution animal model was used to 
examine the relationship between sequence differences and production. Traits analyzed were 
mature equivalent milk, fat, SNF, and milk energy yields, and fat, SNF, and milk energy 
concentrations. Statistically significant relationships with sequence differences were present 
for most traits. Sequence information from the D-loop was available for 12 North Carolina 
lineages. The effect of polymorphism at four sites was examined by using 1472 records from 
668 cows. Traits measured were the same, except protein replaced SNF. There were no 
statistically significant relationships between any the traits and D-loop polymorphism, but 
results suggested an association might exist between polymorphism and milk yield, fat 
59 
percentage, and energy concentration. Wherever a significant relationship was detected, the 
effect of mutation (rare genotype) was detrimental. 
(Key words; mitochondrial DNA, polymorphism, milk production) 
Abbreviation key: ISU = Iowa State University, ML = Maternal lineage, NC = North 
Carolina, tRNA = transfer RNA. 
INTRODUCTION 
The use of artificial insemination and large-scale progeny-testing programs has allowed 
dairy cattie breeders to make large hnprovements in milk production. Genetic response for 
milk yield has been increasing over time. The maintenance of a national data base paves the 
way for state of the art genetic evaluations. These evaluations consider only effects of nuclear 
genes. Other sources of genetic variation may affect milk production. 
Mitochondria of eukaryotes have theu- own genome, but it has been largely ignored by 
contemporary animal breeders. Approximately 90% of the ATP in mammals is produced in the 
mitochondria, the site of the electron transport chain (15). Thirteen polypeptides used in the 
electron transport chain are encoded in the mtDNA (4,6) as are both rRNA and all 22 transfer 
RNA (tRNA) necessary for the s3aithesis of these protems. 
Unlike nuclear DNA, half of which is contributed by each parent, mammalian mtDNA 
transmission is almost exclusively matemal (9). The only reported exception followed 26 
backcrosses of mice (8). Therefore, an estimate of the importance of mtDNA can be obtained 
60 
by relating differences in phenotypic traits of dairy cattle with their respective maternal 
pedigrees. 
Several authors (2,3,13) have examined the relationship between production of cows 
and their respective maternal ancestry. Results of one such study (2) attributed 2.0,1.8, and 
3.5% percent of the phenotypic variance in milk yield, milk fat yield, and milk fat percentage to 
differences in maternal lineage (ML). Schutz and coworkers (13) obtained estimated effects of 
ML with ranges of 2934 kg for milk, 154 kg for fat, and .907% for fat percent. Boettcher et al. 
(3) reported significant relationships between ML and fat percentage and milk energy 
concentration. These studies (2,3,13) are similar in that they associated differences in 
cytoplasmic inheritance, characterized by maternal pedigree information, with differences in 
phenotype by statistically partitioning the nuclear and cytoplasmic contributions. 
Recent developments also allow one to relate specific genotypes, defined by DNA 
sequence, to production traits. Schutz et al. (13) have performed such analyses. They 
sequenced the displacement loop (D-loop) of mtDNA from cows from 36 maternal lineages 
(ML) from the Iowa State University (ISU) breeding herd. Lineages were grouped on the basis 
of their respective sequences, and t-tests were used to determine if changes in mtDNA were 
associated with differing levels of production. Single base-pair differences were associated 
with differences of up to 842 kg of milk and 37 kg of fat. 
The D-Ioop is a region of mtDNA that does not code for any transcribed product. 
Sequence differences in this region may simply mark differences in the rest of the genome or 
may cause differences the replication, transcription and translation of mtDNA. Relationships 
61 
between differences in sequences of coding regions and production traits may exist and should 
be examined. Confirmation of relationships by using an independent population of cows would 
strengthen conclusions. 
There are two objectives of this research. The first is to correlate specific mtDNA 
polymorphism in regions encoding a transcribed product, specifically rRNA, with differences in 
economically important production traits of Holstein cattle by using records fi:om the ISU 
breeding herd. The second objective is to attempt to corroborate these findings and those of 
Schutz et al. (13) by using an independent population of cows. 
MATERIALS AND METHODS 
Iowa State University Breeding Herd 
Cows in this study were from the ISU breeding herd and are part of an ongoing 
selection experiment for high or average production (5). Cows were assigned to maternal 
lineages by tracing ancestry in the Holstein-Friesian Herdbook (18). Cows with the same 
earliest recorded female ancestor were members of the same ML and thus were assumed to 
have the same mtDNA genotype. Eighty-one distinct ML were defined by using this 
procedure; but only 29 had surviving members when mitochondrial samples were collected for 
nucleotide sequencing. Several lineages had members in both selection lines. 
Johnston (11) sequenced the mtDNA encoding 12S and 16S rRNA and three adjacent 
tRNA for one cow in each of 29 lines^es. Eleven sites of polymorphism in rRNA encoding 
sequences were identified. Polymorphism was determined by comparing sequences of the 29 
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ML with the standard bovine mtDNA sequence published by Anderson et al. (1). The 
polymorphisms detected and the frequency of each variant are summarized in table 1. 
Nucleotide sites are numbered according to Anderson et al. (1). Sequence differences were 
detected in both the 12S and 16S mitochondrial rRNA genes. Two sequence variants, at bp 760 
and bp 1303, occurred together in the same lineages; so there were 10 independent sites of 
polymorphism. No variation was found in the three tRNA regions, possibly suggesting that 
such mutations are lethal. 
All lactations from all cows in the 29 lineages with known mitochondrial rRNA 
genotypes were analyzed, totaling 1476 records from 602 cows. Associations between mtDNA 
polymorphism and seven production traits were examined. Production traits included 
standardized (305d-2X-ME) milk, fat, and SNF yield, fat and SNF percentage, and energy in 
milk, expressed as both a concentration and 305 d lactational yield. Energy is a measure of all 
major carbonaceous milk solids and is a function of milk yield and fat and SNF percentages 
(17). The effects of 10 independent rRNA polymorphisms were estimated as covariates in the 
following mixed animal model; 
Yjjkn = m + YSi + Pj + Lk + Xibi + ... + Xjobio + PEn + an + Cykn [1] 
where, 
Yjji^n is the observed value for the production trait of interest, 
m is overall mean, 
YSj is fixed effect of year-season of calving i, 
Pj is fixed effect of parity j, 
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TABLE 1. Sites and types of polymorphism detected in rRNA region of cows at Iowa State 
University and frequency' of occurrence. 
Location Polymorphic Frequency 
of Variant^ Event^ (%) 
bp 445 G-^A" 4.5 
bp 760 G->A 4.2^ 
bp 1011 A-^G 10.8 
bp 1301 A-^G 3.5 
bp 1303 A->G 4.2^ 
bp 1594 T deletion 35.8 
bp 1629 G-»A 1.5 
bp 1651 T->C 2.6 
bp 2568 A->G 4.5 
bp 2666 T-^C 2.7 
bp 2953 G->A 3.9 
1 Among 602 cows. 
2 Sites are numbered according to Anderson et al. (1). 
3 Changes are in heavy strand of mtDNA. 
4 A = Adenine, C = Cytosine, G = Guanine, and T = Thymine. 
5 Polymorphism at sites 760 and 1303 occurred within the same lineages. 
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Lk is fixed effect of experimental selection line k, 
X1...X10 are coefficients indicating mtDNA sequence at each of 10 sites of polymorphism 
(Xj = 1 if sequence differs from that of the bovine mtDNA sequence published by 
Anderson et al. (1), Xj = 0 if the same), 
bi...bio are fixed binomial regression coefBcients of Y on r respective mtDNA 
polymorphisms, 
PEn is random permanent environmental effect for cow n. 
a^ is random additive nuclear genetic effect of cow n, and 
eyia, is random residual. 
The relationship matrix included 791 animals. Coefficients of regression of yield traits 
on mtDNA genotype were of primary interest. The Multivariate Prediction and Estimation 
(PEST) procedure of Groeneveld et al. (7) was used to simultaneously test the null hypotheses 
that polymorphism at every site was not associated with differences in production traits. Prior 
values for variance ratios were chosed by assuming that true heritabilities were .25 and .50 for 
yield and composition traits, respectively. True repeatabilities were assumed to be .55 and .75 
for yield and composition traits, respectively. 
Two additional hypothesis were tested. First, ML were grouped into 11 different 
genotypes on the basis of the complete rRNA sequences. Table 2 lists the genotypes and the 
sites of polymorphism associated with each genotype. The frequencies of each genotype are 
also presented. Equation [1] was altered to test for differences among these genotypes by 
TABLE 2. Definition of rRNA genotypes and their respective frequencies' in the Iowa State 
University breeding herd. 
Genotype Sites of Frequency 
Polymorphism^ (%) 
1 None 43.0 
2 445 3.9 
3 760,1303 4.2 
4 1011,1594 2.7 
5 1301, 1594 3.5 
6 1594 21.5 
7 1629 1.5 
8 1651 2.6 
9 2568 1.8 
10 2568,2666 2.7 
11 2953 3.9 
1 Among 602 cows. 
2 Sites are numbered according to Anderson et al. (1). 
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replacing the regression coefficients for the 10 sites with a fixed effect for genotype. The null 
hypothesis was that the effects for all genotypes were equal to zero. 
The second additional analysis tested for differences between ML with the wild-type 
sequence and those with at least one rRNA mutation. It is a general rule that most mutations 
are either neutral or have a detrimental effect (16). This is because selection increases survival 
rate and therefore, frequency of animals with the most favorable genotype. The least common 
sequence at each site of polymorphism was considered the mutant type. Coincidentally, the 
Anderson et al. (1) sequence was the most common at each site. Cows from ML with the 
common nucleotide at each site of polymorphism were grouped together, and cows from ML 
with at least one rare nucleotide were placed in another group. Equation [1] was altered to test 
for differences between these groups by replacing polymorphism regression coefficients with a 
fixed effect of mutation. 
North Carolina Herds 
Cows were from the North Carolina (NC) State University herd and five commercially 
managed herds owned by the NC Department of Agriculture. Mitochondrial DNA was 
isolated from two cows in each of 18 ML, and the D-loop (14) and rRNA (Wu, pers. commun., 
1994) regions were sequenced. Two copies of mtDNA were sequenced per cow. 
Smith (14) found polymorphisms at 22 sites in the mtDNA D-loop with respect to the 
standard sequence (1). Wu (pers. commun., 1994) reported three sites of variation in rRNA 
genes. There was a surprisingly high degree of sequence variation between cows within the 
same lineage; animals within the same lineage were expected to have essentially the same 
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mtDNA sequence. This variation made it impossible to accurately characterize a common 
sequence for all ML for many of the D-loop sites of polymorphism and of all three rRNA sites. 
Effects of polymorphism could be examined only for those sites and ML for which all samples 
from both cows within a ML had the same sequence. Records from cows belonging to lineages 
having sequence variation within ML were not included in the analysis. Sequences for all 
samples from both cows tested were consistent for 12 of 18 lineages at five sites of D-loop 
polymorphism. Details about these sites of polymorphism, including frequencies of each 
variant, are in Table 3. Polymorphism at bp 27 and bp 28 occurred together for cows in the 
same lineages; therefore, there were four independent sites of polymorphism. At two sites, bp 
92 and bp 16189, the sequence reported by Anderson et al. (1) was less common than the 
variant sequence. It is reasonable to conclude, then, that the cow used by Anderson et al. (1) 
had some mutations in its mtDNA sequence. 
Data were 1472 multiparous records from 668 cows. Traits were nearly the same as 
those from the ISU herd, except that milk protein yield and percentage replaced SNF data. 
Therefore, milk energy values were computed by usmg a slightly different formula (17). 
Three types of analyses were performed. First, effects of the four independent 
polymorphisms were tested simultaneously by using model similar to equation [1]. Effect of 
selection line was removed from the model because NC data did not involve a selection 
experiment. There were also only 4 sites tested rather than 10. The second analysis tested for 
differences among mtDNA genotypes. Table 4 has definition of genotypes and frequencies of 
each. Again, differences were tested for by replacing regression coefficients in equation [1] 
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TABLE 3. Sites and types of polymorphism detected in D-loop region of cows from North 
Carolina and frequency' of occurrence. 
Location Polymorphic Frequency 
of Variant^ Event^ (%) 
bp 27 G->T^ 21.9® 
bp 28 T^G 21.9' 
bp 92 C-^G 71.0 
bp 16050 G-^A 16.2 
bp 16189 G deletion 59.3 
1 Among 668 cows. 
2 Sites are numbered according to Anderson et al. (1). 
3 Changes are in heavy strand of mtDNA. 
4 A = Adenine, C = Cytosme, G = Guanine, and T = Thymine. 
5 Polymorphism at sites 27 and 28 occurred within the same lineages. 
69 
TABLE 4. Definition of D-loop genotypes and their respective frequencies' in the North 
Carolina herds. 
Genotype Sites of Frequency 
Polymorphism^ (%) 
1 None 29.0 
2 92 11.7 
3 92,16189 37.4 
4 27,28,92,16189 5.8 
5 27,28,92,16050,16189 16,2 
1 Among 668 cows. 
2 Sites are numbered according to Anderson et al. (1). 
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with a fixed genotype effect. Finally, ML were grouped into two categories, wild-type and 
mutant. For this test, the most common nucleotide at bp 92 and 16189 was not that reported by 
Anderson et al. (1). Therefore, genotype 3, with variants fi-om the standard sequence at bp 92 
and 16189, was considered the wild-type because it was the most common. Cows fi'om ML 
with this genotype were compared with those with one of the other types. 
RESULTS 
Iowa State University Breeding Herd 
Table 5 has overall means and standard deviations of production traits and coefficients 
of their regression on each of 10 nucleotide variants. Base pair sites are numbered according to 
the sequence of bovine mtDNA originally published by Anderson et al. (1). At four sites, the 
difference between ML with the wild (most common) type and variant sequence was 
statistically significant (P < .05) for at least one trait. In addition, a relationship was indicated 
(P <. 10) at bp 760 or 1303. At least one variant was associated with a detectable difference for 
each production trait, but little relationship between milk yield and mtDNA at specific sites of 
polymorphism was detected. A relationship was indicated (P <. 10) at only one site. This result 
is consistent with previous results relating milk yield and ML (2,3,12). Without exception, all 
statistically significant effects associated with a mutant (rare) nucleotide were negative. 
Disregarding level of significance, mutations were associated with a negative effect on milk 
composition traits (fat and SNF percentage and energy concentration) in 83% (25 of 30) of the 
comparisons. The mutation at bp 445 was associated with large and statistically significant 
TABLE 5. Means and standard deviations, and regression coefficients of seven production traits 
on rRNA polymorphisms for cows from the Iowa State University breeding herd. 
Location Milk Fat SNF Energy [Fat] [SNF] [Energy] 
of 
Variant' (kg) (kg) (kg) (Meal) (%) (%) (Kcal/kg) 
Mean 8086 269 744 5860 3.63 9.22 732 
(SD) (1797) (59) (167) (1226) (.45) (.39) (51) 
bp 445 343 -6 16 -59 -.31** -.20* -38** 
bp 760 421 1 I 108 -.17 -.15 -22" 
1303^ 
bp 1011 -274 -13 -18 -181 -.03 .09 2 
bp 1301 79 18 23 247 .13 .17 21 
bp 1594 108 -1 1 -36 -.07 -.11* -12" 
bp 1629 689 15 53 347 -.01 -.12 -11 
bp 1651 -768^ -25^ -81* -657* -.03 -.07 -7 
bp 2568 -522 -26 -56 -522 -.12 -.10 -16 
bp 2666 963 29 85 608 -.10 -.05 -7 
bp 2953 -546 -33* -61" -586* -.20" -.16 -26* 
1 Sites are numbered according to Anderson et al. (1). 
2 Variation at bp 760 and 1303 occurred within the same lineages. 
+  P< .10  
*  P< .05  
**  P< .01  
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decreases in fat percentage and milk energy concentration (P < .01) and SNF percentage 
(P < .05). Lineages with the uncommon sequence at site 1594 had decreased SNF percentage. 
Cattle with mutation at nucleotide 1651 had decreased levels for all yield traits, with decreases 
of 768 kg milk and 25 kg fat (P < .10) and 81 kg SNF and 657 Meal of energy (P < .05) per 
lactation. Cows with a mutation at site 2953 tended to produce less fat, SNF, and milk energy, 
due in part to decreased fat percentage and milk energy concentrations. The levels of 
significance were not randomly distributed across traits and location; rather, all associations 
except one occurred with variants at bp 445,1594,1651, and 2953. 
Table 6 has estimates for effects of each of 11 genotypes on the seven production traits. 
Values are expressed as differences from the genotype with no variation with respect to the 
Anderson et al. (1) sequence. Significant (P < .05) differences were present among genotypes 
for milk yield and milk energy concentration. Genotypes tended to differ (P < .10) for fat, SNF, 
and energy yields. Genotypes 3 and 7, with mutations at bp 760 and 1303, and bp 1629, 
respectively, were superior for yield traits. Genotype 8, with variant at bp 1651, was the 
poorest. Only genotype 5, variant at bp 1301 and 1594, was superior to the standard genotype 
for component concentration traits. Nine of ten aberrant genotypes were associated with 
decreased concentrations of milk components. 
Differences between mixed model solutions for the effects of rare and normal genotypes 
for the seven traits are in table 7. No significant (P < .05) effects of mutation were detected for 
any yield traits. However, variant types were clearly inferior to the wild-type for measures of 
concentrations of milk components. Cows from lineages with at least one mutation in the 
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TABLE 6. Mixed model solutions for eleven rRNA genotypes of cows in the Iowa State 
University breeding herd and significance test results. 
Milk Fat SNF Energy [Fat] [SNF] [Energy] 
Genotype (kg) (kg) (kg) (Meal) (%) (%) (KcaLTcg) 
1 0 0 0 0 .00 .00 0 
2 -362 -6 -16 -54 -.32 -.22 -41 
3 607 7 41 230 -.19 -.17 -25 
4 -159 -12 -15 -194 -.09 -.00 -8 
5 152 14 21 179 .05 .05 7 
6 145 1 5 1 -.07 -.10 -11 
7 580 12 42 278 -.02 -.14 -9 
8 -812 -28 -87 -705 -.05 -.10 -10 
9 -651 -29 19 27 -.10 -.10 -14 
10 365 -1 -67 -599 -.24 -.17 -30 
11 -627 -32 -66 -608 -.18 -.14 -23 
F-value 1.84* 1.65^ 1.74'" 1.78^ 1.51 1.29 1.87* 
+  P<.10  
*  P< .05  
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TABLE 7. Differences' between mixed model solutions for the effects of rare^ and normal 
genotypes among cows from the Iowa State University breeding herd. 
Milk Fat SNF Energy [Fat] [SNF] [Energy] 
(kg) (kg) (kg) (Meal) (%) (%) (Kcal/kg) 
21 7 6 118 -.11' -.09* -15" 
1 (rare - normal). 
2 Rare genotypes include those with at least one mutant base pair. 
* P<.05 
** p< 01 
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mtDNA encoding rRNA had significantly (P < .05) lower fat, SNF, and milk energy 
concentrations. It is reasonable to expect that, if mutation is associated with a phenotypic 
difference, then that difference is likely to be negative. 
North Carolina Herds 
Regression coefficients of production traits of NC cattle on D-loop base changes are in 
Table 8. Sample means and standard deviations for the traits are also given. No statistically 
significant (P < .05) associations with specific base changes were detected, but cows in ML 
with base changes at bp 27 and 28 tended (P <. 10) to have less milk yield and greater milk 
energy concentration. Cows with a cytosine to guanine transversion at bp 92 had slightly 
greater fat and overall milk energy concentrations. Deletion of a guanine at bp 16189 was 
associated (P < .10) with a 12 Kcal/kg decrease in milk energy concentration. 
Table 9 has estimates for the effects of the five mtDNA D-loop genotypes present in the 
NC cows, expressed as differences firom genotype 1, which was the standard Anderson et al. (1) 
genotype. Results for significance tests are also given. Significant (P < .05) differences among 
genotypes were present for energy concentration. All genotypes different from the standard 
sequence were associated with increased energy density in niilk. Differences among genotypes 
for milk and energy yields were also indicated (P <. 10). 
Results from the comparison of common and mutant (rare) genotypes from North 
Carolina are in Table 10. As was true for the rRNA sequences in the ISU herd, mutation within 
the D-loop sequence is detrimental. In contrast, mutation in rRNA was associated with 
decreased concentrations of milk components, whereas mutation in the D-loop is associated 
TABLE 8. Means and standard deviations, and regression coefficients of seven production traits 
on D-loop polymorphisms for cows fi-om Nortli Carolina herds. 
Location Milk Fat Protein Energy [Fat] [Protein] [Energy] 
of 
Variant' (kg) (kg) (kg) (Meal) (%) (%) (Kcal/kg) 
Mean 8902 328 284 6384 3.72 3.27 720 
(SD) (1816) (65) (56) (1220) (.42) (.23) (44) 
bp 27/28 -520^ -12 14 -298 .13 .04 14" 
bp 92 -15 8 2 83 .13^ .05 15" 
bp 16050 74 2 0 1 .03 .02 4 
bp 16189 378 9 10 211 -.10 -.15 -12" 
1 Sites are numbered according to Anderson et al. (1). 
+ P<.10 
TABLE 9. Mixed model solutions for D-Ioop genotypes of cows in North Carolina herds and 
significance test results. 
Milk Fat Protein Energy [Fat] [Protein] [Energy] 
Genotype (kg) (kg) (kg) (Meal) (%) (%) (Kcal/kg) 
1 0 0 0 0 0 0 0 
2 -15 8 2 83 .13 .05 15 
J 363 17 12 294 .03 .00 3 
4 -157 4 -2 -4 .16 .06 17 
-231 6 -2 -3 .19 .07 21 
F-value 2.12^ 1.87 1.81 1.98^ 2.27" 1.10 2.66* 
+ P<.10 
* P<.05 
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TABLE 10. Differences' between mixed model solutions for the effects of rare^ and normal 
genotypes among cows from North Carolina herds. 
Milk Fat Protein Energy [Fat] [Protem] [Energy] 
(kg) (kg) (kg) (Meal) (%) (%) (Kcal/kg) 
-407" -13" -12" -270" .04 .02 5 
1 (rare - normal). 
2 Rare genotypes include those with at least one mutant base pair. 
**P <.01 
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with decreased levels for all yield traits. There were highly significant (P < .01) differences in 
yields between cows with at least one mutation and those with the most common sequence. All 
four yield traits were affected. Cows from ML with the common sequence produced 407,13, 
and 12 kg more milk, fat, and protein, respectively, per lactation. Cows with the normal 
genotype also produce 270 additional Meal of milk energy per lactation. No relationship was 
indicated between mutation and milk component concentrations. 
DISCUSSION AND CONCLUSIONS 
Dairy cattle breeders have made remarkable genetic progress for production traits but 
have generally considered only nuclear additive genetics. There is now evidence that 
exclusively maternal sources of inheritance can also affect production traits. Sequence 
differences in the genes coding for rRNAs may alter the ftmction of the mitochondrial ribosome 
and hence the rate of mitochondrial protein synthesis. Such changes may affect phenotypic 
traits by upsetting the efiBciency of the electron transport chain and ATP production. Johnston 
(11) predicted that three of the polymorphisms that they detected in the mtDNA genes could 
alter the secondary structure of the rRNA product. All three polymorphisms were among the 
five variants at which some relationship with production was indicated. Johnston suggested 
that the guanine to adenine transition at bp 445 would allow for an additional intrastrand base 
pairing when the 12S rRNA folds into its secondary structure. This variant was associated with 
large decreases in fat, SNF, and energy concentrations. Polymorphism at bp 760 allows 
elongation of a helix in 128 rRNA from 6 bp to 7 bp. Cows with this mutation tended to have 
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decreased milk energy concentration. Finally, the thymine to cytosine transition at bp 1651 
could eliminate a base pau: in a hairpin loop of the secondary structure of 16S rRNA. This 
variant was associated with reductions in all yield traits. 
Despite the statistical and biological evidence suggesting mtDNA polymorphisms are 
associated with different amounts of production in dairy catde, one should exercise caution 
when interpreting results for the effects of specific sequence variants. First, tests for the effects 
of polymorphism were based on small numbers of records from only two groups of cattle. 
Many (98) significance tests were performed to test for the impacts of polymorphisms. As a 
result, one would expect some of the test statistics to indicate a significant effect merely by 
chance. It was hoped that effects for specific polymorphism could be examined by using 
independent data from two groups of cows; however, no polymorphisms were common to both 
populations of cattle. Another reason for caution in interpreting results is that the sequence for 
all cows in a given lineage was established based on the mtDNA of only one or two cows per 
Imeage. Smith (14) and Wu (pers. commun., 1994) have demonstrated that within-lmeage 
variability exists at some sites in the mtDNA genome. 
The results from this study may best be used to indicate sites at which polymorphism is 
most likely to be associated with differing amounts of production. More intense genotypic 
analysis can be directed at these sites for other populations of Holsteins by using restriction 
fragment length polymorphism procedures rather than complete sequencing of the mtDNA 
genes. This procedure would be simpler ,and therefore, would allow the testing of more cows 
per lineage to establish if the polymorphism is consistent vWthin lineages. 
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One general result about effects of polymorphism seems clear. Mutations in mtDNA 
are much more likely to be deleterious than beneficial. Without exception, all statistically 
significant (P < .05) effects of specific polymorphisms were negative. Cows firom ISU with the 
wild-type (most common) sequence genotype excelled (P < .05) those with at least one 
mutation for all measures of milk component concentrations. Cows from NC with the most 
common genotype yielded significantly (P < .01) more lactational milk, fat, protein, and energy 
than did cows with mutant genotypes. These results are consistent with the general rule that 
mutations are usually detrimental. One might wish to apply this knowledge when selecting 
dairy cattle. Characterizing cows as either wild type or mutant would be much simpler than 
establishing the mtDNA sequence for a cow. A method of analysis that tests for single 
stranded conformation polymorphisms (19) in mdDNA could be employed to test if cows have 
either the wild type or any altered genome. The specific site of polymorphism would not be of 
concern. Strands with an aberrant nucleotide would have a different secondary structure fi-om 
the wild type, and this difference could be detected by using gel electrophoresis. Those with 
the normal genotype would be preferred. Results from such tests may help improve selection of 
dairy cows by accounting for effects of cytoplasmic inheritance. 
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IMPACTS OF CYTOPLASMIC INHERITANCE 
ON GENETIC EVALUATIONS 
A paper submitted to the Journal of Dairy Science 
Paul J. Boettcher, Melvin T. Kuhn, and A. Eugene Freeman 
ABSTRACT 
Simulation was used to examine consequences of ignoring cytoplasmic effects on 
genetic evaluations. Impacts on variance component estimation, selection accuracy, genetic 
trend, and selection of bull dams were considered. Comparisons were made for sire and 
animal models, several levels of cytoplasmic variance, and definition of cytoplasmic effects 
as either fixed or random. Ten replications with approximately 9000 cows and 20,000 
records were simulated for each model and level of cytoplasmic variance. Derivative-free 
REML was used for variance component estimation. Estimates were correct when the true 
model was used for analysis. Ignoring cytoplasmic effects caused overestimation of 
heritability with an animal model. Permanent enviroiunental variance was underestimated 
with an animal model and overestimated with a sire model. Results were used in simulation 
of large (approximately 200,000 cow) data sets for analysis of effects on accuracy of 
selection. Selection accuracy was increased when cytoplasmic effects were properly 
accounted for. Improvement in predicted breeding values was greater for cows than for sires 
and increased with level of cytoplasmic variance. Genetic trend was also increased slightly, 
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primarily as a function of increased accuracy of bull dam selection. Little practical difference 
was detected when cytoplasmic effects were considered fixed versus random. 
(Key words: cytoplasmic inheritance, genetic evaluations, variance component estimation) 
Abbreviation key: ML = maternal lineage, PBV = predicted breeding value, PE = 
permanent environment, PPA = predicted producing ability, TBV = true breeding 
value,and TA = transmitting ability. 
INTRODUCTION 
Transmitting abilities of the US dairy population are predicted by using a repeated-
records animal model (21). This analysis accounts for only additive nuclear genetic effects 
and, therefore, considers the genetic relationship between sires and their offspring to be equal 
to that of dams and their offspring. This assumption yields a statistical model that is more 
operational, but possibly less valid than one that considers other genetic effects. Some 
evidence suggests that maternal sibs are more alike than paternal sibs (5,16,20). Estimates of 
heritability are usually greater when based on daughter-dam regression than from paternal 
half-sib correlations (16,20). Dong and Van Vleck (5) reported higher heritability estimates 
by using animal models compared to sire models. Several scientists (1,2,6,9,15) have 
suggested that cytoplasmic inheritance may affect milk production traits and, if so, could 
increase the similarity between female relatives. 
Mitochondria are a plausible source of cytoplasmic inheritance. These organelles are 
transmitted from dam to offspring via the ovum. Inheritance of mitochondria is almost 
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exclusively maternal (7). Mitochondria play a key role in cellular function, producing more 
than 90% of the ATP in mammals. Furthermore, mitochondria have their own genome, 
encoding several metabolic enzymes, and molecular genetic variation in the mitochondrial 
genome of dairy cattle has been demonstrated (12). 
Several researchers have attempted to estimate the effects of cytoplasmic inheritance 
on milk production traits (1,2,9,15). These authors included a factor for maternal lineage 
(ML) in their statistical models as an indicator of cytoplasmic differences. Maternal lineages 
were established by tracing maternal pedigrees back to herd (1,9) or breed (2,16) foundation 
females. 
Bell et al.(l) analyzed 4461 first lactation records from six North Carolina herds by 
using ML as a fixed effect in a sire model. Maternal lineage had a statistically significant 
relationship with yield and composition traits. Effects of cytoplasmic source accounted for 
2.0,1.8, and 3.5 % of the variation in milk yield, fat yield, and fat percentage, respectively. 
Huizinga et al. (9) analyzed 290 primiparous cows firom a Dutch experimental herd. They 
reported that 6,10, and 13 % of the variation in milk yield, combined fat and protein yield, 
and total economic returns were associated with ML. Schutz et al. (15) had multiparous 
records from the Iowa State University breeding herd. They included ML as a fixed effect in 
several repeated-records animal models. The effect of cytoplasmic source was statistically 
significant for fat percentage and milk energy concentration for all models. The relationship 
between ML and fat yield was significant depending on prior variance ratios used. Boettcher 
et al. (2) examined more recently completed multiparous records firom the same herds used 
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by Bell et al.(l). Boettcher et al. (2) used an animal model similar to that employed by 
Schutz and coworkers (15) and reported a significant relationship between ML and fat 
percentage and milk energy concentration. Mixed model estimates for ML effects on had a 
range of over 1.0% for fat percentage. Boettcher et al. (2) also estimated variance 
components for ML as a random effect. Less than 1% of the variance in most milk 
production traits was associated with ML. When Boettcher et al.(2) pooled their data with 
that of Schutz et al.(15), they found that ML accounted for 2.9% of the variance in fat 
percentage. 
Based on these results, it's difficult to conclude that ML has a significant effect on 
yield traits, upon which most of the emphasis of dairy cattle selection is placed. Bell et al. 
(1) concluded that cytoplasmic effects were significant, but Kennedy (10) simulated a 
population like that analyzed by Bell et al. and estimated ML effects using a sire model. He 
demonstrated that failure to account for all additive genetic relationships within a population 
could lead to spurious results. Schutz et al. (15) found that the significance tests of the 
relationship between ML and fat yield were sensitive to prior variance ratios used. Boettcher 
et al. (2) reported no significant effect of ML on yield traits, but the estimates for ML effects 
were large, approximately 1 phenotypic SD. Extreme lineages had few observations. A 
more substantial analysis with more cows per lineage might yield different results with 
respect to significance tests. Gibson and Freeman (6) suggested that precise determination of 
mitochondrial contributions to variance will require large data sets. They also proposed the 
use of nuclear transfer to create experimental families with defined nuclear and cytoplasmic 
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sources, but lamented that the costs of such an experiment would be prohibitive. The 
practical value of such an undertaking depends somewhat on the impact of cytoplasmic 
inheritance on genetic gain in the population. 
The potential impact of cytoplasmic effects on genetic evaluations had not been 
addressed in detail. Southwood and et al. (17) used simulation to show that ignoring 
cytoplasmic effects caused an overestimate of additive genetic variance by using REML and 
an animal model. O'Neil and Van Vleck (14) pointed out that ignoring cytoplasmic effects 
would cause inaccurate genetic evaluation of bulls and cows. They reasoned that upwardly 
biased heritability estimates would lead to overestimation of selection differentials, but 
predicted that actual genetic gain would be reduced only slightly. They did not present 
specific estimates of how much genetic progress would be affected. Schutz et al. (15) 
commented that accuracy of bull dam selection is compromised if cytoplasmic effects are not 
accounted for. 
It is not clear how to correctly account for effects of ML in genetic evaluations. Most 
researchers have considered ML a fixed effect (1,2,9,15). Freeman (6) suggested such a 
method is appropriate when accounting for cytoplasmic effects in genetic evaluations. There 
is no recombination or segregation of homologous chromosomes with mtDNA. In addition, 
researchers (1,15) have concluded that number of generations from the ML founder cow has 
no significant effect on ML solutions. This indicates that effects of recent mutation are also 
small. The lack of recombination and mutation effects suggest that ML effects are repeatable 
across time and generations and may be interpreted as fixed effects. Other researchers 
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(2,6,17) consider ML effects random, however, because the ML of cows used in a statistical 
analysis are a sample from a random population of lineages. 
The objective of this research is to use simulation to examine the effects of 
cytoplasmic inheritance on variance component estimation and accuracy of genetic 
evaluations. The impact of these effects on genetic trend and bull dam selection will also be 
addressed. The accuracy of prediction of ML effects will also be studied. Comparisons will 
be made for several levels of ML variability and whether ML effects are considered fixed or 
random. 
MATERIALS AND METHODS 
Synopsis 
The main objective was to use simulation to determine how ignoring cytoplasmic 
inheritance affects accuracy of predicted breeding values. Of specific interest were potential 
effects on the USDA genetic evaluation of dairy cattle. The procedure was to simulate 
populations similar to the US Holstein population but with ML effects. Then genetic 
evaluations were performed on these populations and breeding values were predicted by 
using three mixed models. One was the same model used by the USDA for genetic 
evaluations of yield traits (21). The second was nearly the same, except that ML was 
included as a fixed effect. The third model considered ML a random effect. Accuracies of 
selection were calculated by using the correlation of true breeding values and each of the 
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three predicted breeding values. Expected genetic trends considering the different levels of 
selection accuracy were then compared. 
To assure correct simulation of populations, the proper levels of variance for the 
effects in the model had to be determined. Table 1 has ML and the random effects that the 
USDA includes in their model for genetic evaluation (21) and the proportions of the total 
variance accounted for by each source. Abbreviations for the ratios that will be used in the 
remaining text are also given in Table 1. Presumably the USDA chose to use these variance 
ratios based on estimates from models that did not consider ML effects. Clearly these values 
are incorrect if the variance of cytoplasmic effects is greater than zero. Therefore, to 
correctly simulate populations with a ML effect, it was first necessary to determine what true 
levels of variance of ML, animal, permanent environment (PE), and residual would yield the 
estimates used by the USDA, if true variance of ML effects was greater than zero. A 
"correctly simulated" population with ML effects is one that would yield the USDA values, 
those listed in Table 1, if ML were ignored during estimation of variance components. 
Effects of Maternal Lineages on Estimation of Variance Components 
Two steps were taken to examine impacts of ignoring ML on estimation of variance 
components. The first step was to quantify the bias in estunates of additive genetic, PE, and 
residual variance that occurs by ignoring ML effects of various magnitudes. Estimation by 
using both animal and sire models was considered. 
The objective of step two was to determine specific values for additive genetic, PE, and 
residual variances that would yield biased estimates of .25, .30, and .45 for h^, pe^, and e^ 
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TABLE 1. Factors in the USDA genetic evaluation model and proportions of total 
accounted for by each factor. 
Source Abbreviation Proportion of 
Total Variance 
Maternal Lineage 0 
Additive genetic h^ .25 
Permanent Environment pe^ .30 
-Sire * Herd c^ .14 
-other .16 
Residual e^ .45 
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(values used by the USD A), respectively, by using an estimation model that did not include 
ML as an effect. Results from step one provided guidance about what values were likely to 
yield the desired results. 
Step 1. Populations of approximately 9000 cows with 20,000 records were simulated 
to examine the effect of ML on variance component estimation. Ten yeais were simulated, 
maintaining roughly 2000 cows/yr. The initial population included 2000 base cows, animals 
with unknown parents. Approximately 700 cows were replaced each year. Year two 
replacements were also base cows with unknown parents. Replacements for year three and 
beyond were offspring of cows in the population. Up to five generations of females were 
possible. Sires of replacements were chosen randomly from a pool of 160 bulls. Selection 
and culling were strictly random. 
The model for simulation was 
Y = MGT + M + A+PE + e [1] 
where Y is the simulated record, MGT is the fixed effect of management group, M is the 
fixed effect of ML, A is the random animal or additive genetic effect, PE is the random effect 
of PE, and e is the random residual. All random effects, except A for nonbase animals, were 
generated by simply sampling randomly from normal distributions with mean = 0. Table 2 
has variances for each of the effects. For all animals that were not base animals, 
A = .5(A'+A") + MS, [2] 
where A' and A" are breeding values for the sire and dam, respectively, and MS is a random 
Mendelian sampling effect. MS ~ N(0,No sire-by-herd interaction effects were 
TABLE 2. Starting values for variance for simulations designed to examine impacts of 
ignoring cytoplasmic effects on variance component estimation. 
Source Variance 
Additive Genetic 2,500,000 
Permanent Environment 3,000,000 
Residual 4,500,000 
Maternal Lineage Variable 
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simulated, this simplified the model (compared with that used by the USDA) so fewer 
variances had to be estimated. This simplification was not expected to affect the general 
conclusions because ML and sire-by-herd interaction effects are not confounded with each 
other. One hundred ML were simulated. Four values of a ^  (variance of ML effects) were 
used: 0, .25,.50, and 1.0 million, which means was equal to 0,2.5, 5, or 10% of the 
variance of random effects (CT^ + Opg + ). Ten replicates were generated for each of 
the four levels of . The same ten seed values were used for random number generation for 
all levels of m^; thus eliminating one source of background variation. 
Variance components were estimated by using four different models for each replicate 
and the derivative-free REML procedure of Boldman et al.(3). Model I was the true model, 
defined by equation [1]. Model II was the same as model I, except that ML was not included. 
In model III, random effect of sire was substituted for animal in model I. Therefore, Og = 
.25 ci\. Model IV was the same as model III, except that ML was not included. 
Step 2. Results firom Step 1 were used to determine the true population values for 
o\, OpE, and Og that would yield h" = .25, pe^ = .30, and e^ = .45 if 0 and ML 
effects were not accounted for when estimating variance components. New populations were 
simulated by using the original model, defined by equation [1]. For these populations, 
was first set to .25 million or 2.5% of the total variance, where total variance was equal to 
+ ^e- Values for CTpg, and tyl were then chosen based on results 
from Step 1. For example, the USDA assumes that additve genetics account for 25% of total 
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variance, so if results from Step 1 suggested that ignoring ML effects causes overestimation 
of , then true h^ must be less than .25. So was set to some value less than 25% of 
total variance. Simulated data were then analyzed by using either model II (animal) or model 
IV (sure) from Step 1. It was necessary to simulate separate populations for analysis by 
animal and sire models because effects of ignoring cytoplasmic effects were expected to be 
different for each model. Twenty replications were completed for each model, and ratios of 
estimated variances were then compared. If mean (i = A,PE,e) were less than 1% 
away from those used by the USDA, then the ratios of starting values for (i = A, PE, e) to 
total variance were assumed to represent the true population values that would give rise to the 
USDA estimates. For example, the USDA assumes h = .25, so different true values of 
a^, CTpg, and were used until mean h" was between .24 and .26. This procedure was 
repeated for all three levels (2.5, 5, and 10% of total variance) of . 
Results from sire models, rather than animal models, were used in further simulation 
experiments to examine the effect of ignoring ML effects on selection accuracy and genetic 
trend. It was assumed the values used as priors by the USDA were from experiments in 
which a sire model was used for variance component estimation. This seems logical because 
variance component estimation by using animal models and large amounts of data has only 
recently become computationally feasible. Whereas .25 has been a widely accepted value for 
2 • h of milk yield for years. 
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Selection Accuracy 
Larger data sets were simulated by using population parameters derived from step 2. 
The procedure of simulation was similar to that used by Kuhn et al. (11) and was based on the 
USDA animal model for genetic evaluation (21). The model for simulation was 
Y = MGT + M + SxH + P + A + e, [3] 
where y is a phenotypic milk record, MGT is a fixed management group effect, M is a maternal 
lineage effect, SxH is a random sire-by-herd interaction effect, P is a random permanent cow 
effect, A is a random animal effect, and e is a random residual effect. Management groups were 
defined by using the same criteria as the USDA and, therefore, accoimt for effects of herd, year, 
season, parity, and registry status. Total phenotypic variance was (1518 kg)^. An explaination 
of how variance was partitioned among effects for the base model, when m^ = 0, is in table 3. 
Variances for random effects were adjusted to account for the presence of cytoplasmic 
inheritance when m^ > 0, according to the results from step 1 and 2. Effects were generated by 
random sampling from normal distributions and had expectations of zero, except for animal 
effects, which were generated by using equation [2] and, therefore, had an expectations equal to 
the mean of parent breeding values. Populations of 30,000 cows/yr were simulated for 20 yr. 
This produced a sufficient relationship structure among animals. By year 20, nearly all cows 
had at least four generations of known ancestry. 
Twenty populations were simulated for each of four levels of ah: 0,2.5,5, and 10% 
of within-management-group variance. Three genetic evaluations were performed on the data. 
Equation [3] was used for two evaluations; in one evaluation, ML effects were assumed to be 
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TABLE 3. Partitioning of total variance among components in the simulation of large data 
sets to evaluate the impact of ignoring cytoplasmic effects on selection accuracy. 
Component 
Proportion of 
total variance 
(%) 
Standard 
deviation 
(kg) 
Management effects^ 40 960 
a) Herd 22 712 
b) Year 6 372 
c) S,P,R 11 503 
d) HYSPR 1 152 
Random effects 60 1176 
a) Additive Genetic 15 588 
b) Sire * Herd 8.4 440 
c) other permanent effects 9.6 470 
d) Residual 27 789 
1. S,P,R = season, parity, and registry effects; 
HYPSR = herd-year-season-parity-registry interaction effect. 
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fixed and in the other evaluation, ML effects were random. The third evalutation used the 
model that is used by the USDA, meaning that ML effects were ignored. When true m^ = 0, the 
prior variance ratio used for ML in the random model was chosen by assuming that m^ = 5%. 
Data were 488,931 records from 174,245 nonbase-year cows for each replication. Records 
from base year cows were not included because base cows lacked sire identification. The 
relationship matrix included 210,829 cows and 367 sires. There were approximately 3,000 ML 
and 48,000 MGT. Exact numbers of ML and MGT varied across replications. More than 95% 
of ML were tied across herds. Breeding values were predicted by using an iterative procedure 
of Misztal and Gianola (13). Accuracies of selection for cows were correlations between true 
breeding values (TBV) and predicted breeding values (PB V) for year 20 cows from each of the 
three genetic evaluations. Selection accuracies for skes were correlations between TBV and 
PBV of the 100 most recently bom sires. Twenty-one new sires were generated per year, so the 
100 sires were bulls from the final five years. 
Genetic Response 
Genetic response to selection for milk yield was compared for different levels of 
selection accuracy obtained while correctly or incorrectly accounting for ML effects. Response 
was predicted by using the procedure of Harris and Freeman (8). This procedure accounts for 
gene flow, overlapping generations, and two-stage sire selection. All four selection pathways 
are considered. Table 4 has selection parameters for each pathway. Values were chosen to be 
representative of the US Holstein population. Generation intervals were based on those of Van 
Tassel and Van Vleck (18) but were reduced slightly. By using the given parameters, yearly 
TABLE 4. Proportion selected and generation intervals for each path of selection. 
Selection Path Proportion Generation 
selected 
(%) 
Interval 
(yr) 
Sires of Sires 14 9.45 
Sires of Dams 36 8.42 
Dams of Sires 5 4.92 
Dams of Dams 95 5.00 
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genetic response for milk yield was approximately 118 kg/yr. This is close to the anpiial 
genetic trend for the Holstein population. 
Base values were used to estimate response by using a genetic evaluation that does not 
account for ML. This mimics the status quo because the USDA does not account for ML 
effects. Then selection differentials were adjusted to account for differences in accuracy 
associated with including ML in the evaluation model. For example, if accuracies of dam 
selection were improved by 5% by accounting for ML effects when m^ = 2.5%, then the 
selection differentials for dams at that level were also increased by 5%. Fifty years of selection 
were simxalated. The first forty years were used to allow the population to approach an 
equilibrium in yearly response. The average yearly response over the final ten years was used 
to compare selection methods. The effects on response of changes in accuracy were examined 
for each selection pathway to determine which was most strongly affected by includmg ML 
effects in the model. 
Bull Dam Selection 
Simulation was also used to examine consequences of ignoring ML effects on selection 
of bull dams. The objective was to determine if the expected success of selecting a dam to 
produce an active sire can be improved if ML effects are considered in the analysis. It was 
hypothesized that bull dam selection decisions could be greatly affected by cytoplasmic 
inheritance. Two approaches were taken to compare efficiency of bull dam selection when ML 
effects were or were not accounted for. The first approach used simulation, the second 
approach was theoretical. 
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The first approach involved selecting the highest 300 cows (top 1%) on the bais of their 
PBV ftom each of the three models. These cows were bull dams. A progeny test PBV of a son 
was generated for each dam by using the following equation: 
PBV3o„=KTBVdan> + R, [4] 
where R is a random variable R ~ N(0,416^) that accounts for variability of Mendelian sampling 
and prediction error. This emulates mating all bull dams to sires with equal TBV. Each group 
of 300 simulated bulls were then ranked by PBV. 
The goal was to compare the probabilities of producing an active sire when bull dams 
were selected based on PBV from each of the three genetic evaluations. By using these 
probability values, one can also estimate the numbers of dams needed to produce a fixed 
number of active sires. First, it was necessary to establish a criterion to determine if a sire's 
PBV was high enough for entry into active service. Then the number of sires expected to meet 
this criterion (from a fixed number of matings) for each of the three evaluations were compared. 
One would expect that for a fixed number of matings, a more accurate method for selecting 
dams will yield a greater proportion of sons meeting the criterion; therefore, an improved 
selection method should also allow the selection of fewer dams to produce a fixed number of 
bulls that exceed the criterion required for activation into AI service. 
It seems reasonable to hypothesize that a certain number of sires are needed yearly to 
service the cow population. For this simulation, it was decided that fifty of the 300 sires (1 of 
6) were needed. In contrast, only about 1 of 10 progeny test sires achieve active status in the 
US, but these bulls are not selected exclusively for yield. Selection intensity for yield is, 
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therefore, somewhat less than 1 in 10, and probably closer to 1 in 6 or 1 in 7. Six was chosen 
because it was evenly divisible into 300. The specific choice of this level was not expected to 
substantially affect conclusions. Logically, the sires chosen would be the fifty highest-ranked 
bulls for PBV. In other words, any sire with a PBV greater than that of the fiftieth ranked bull 
would qualify for activation. Therefore, the criterion, or truncation point, for entry into active 
service was the PBV of the fiftieth highest-ranked sire. For each replication, the PBV of the 
fiftieth highest-ranked sire among those from dams selected based on the evaluation ignoring 
ML effects was used for this criterion. This sunulates the currently used procedure inasmuch as 
the USDA does not adjust for ML effects in their evaluation. Then the number of bulls from 
dams selected from evaluations including ML as an effect whose PBV exceeded this criterion 
was recorded. Dividing number of bulls by 300 yields an estimate of the probability that a dam 
selected from among the top 1% in PBV will produce an active sire. In turn, division of this 
probability by 50 produces an estimate of the number of dams needed to produce 50 active 
sires. 
The second approach compared the expected distributions of progeny test sires from 
bull dams selected by using each of the three evaluations. It was assumed that the PBV of bulls 
from these dams are distributed normally with a mean equal to the average transmitting abilities 
(TA = 1/2 TBV) of their respective dams and variance equal to the sum of variance of the 
dams' TA and variance of R from equation [4]. For each level of m^, the 83.3% level was 
determined for the distribution of PBV for bulls from dams selected based on evaluations 
ignoring ML. This level (83.3%) corresponds to selecting 1 of 6 (16.7%) bulls. Then the 
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number of bulls from dams with PBV adjusted for ML expected to exceed this level .vas also 
calculated. 
For example, suppose dams selected based on the evaluation ignoring ML had an 
average TA of 3000 kg with a variance of 277^ kg^. Then the PBV of their sons are expected to 
be distributed normally with ja = 3000 kg and = 250,000 kg^ (277^ + 416^) so a = 500 kg. 
The 83.3 percentile of this distribution is 3848 kg (3000 + .9674a). Also, suppose the average 
TA of dams selected based on PBV adjusted for ML is 3100 kg. The PBV of dieir sons are 
expected to be distributed normally with ^ = 3100 kg and a = 500 kg. Then 3484 kg is .768a 
greater than 3100 (.768 = [3484-3100] / 500). This corresponds to the 77.9 level on the 
distribution of these bulls' PBV. So, 22.1 % ,or 66.4 of 300 bulls from these dams would be 
expected to have PBV exceeding the PBV of the fiftieth ranked bull from dams selected based 
on the evaluation ignoring ML effects. One possible flaw in this method is that the TA of the 
bull dams, and, therefore, the PBV of their sons, may not be distributed normally because they 
are a highly selected group. Histograms of dam TBV showed that they were approximately 
normally distributed. 
Estimation of Maternal Lineage Effects 
Van Vleck (19) wrote that benefits of direct selection for ML effects would be small 
because 1) selection for cytoplasmic effects is only effective in the dam-to-dam pathway, where 
selection intensity is very slight, and 2) ML effects are likely to be small, relative to additive 
genetic and environmental effects. Therefore, only impacts of accounting for ML effects in 
genetic evaluations have been examined. Van Vleck speculated that use of embryo transfer or 
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sexed-semen may allow breeders to increase intensity of selection for dams of dams in the 
future and that selection for ML effects may, therefore, become useful. Accurate estimates of 
these effects will then be necessary. Accuracy may depend on whether effects are considered 
fixed or random. 
Data were simulated by using equation [1]. Size of ML effects and number of 
observations per lineage affect accuracy and variability of mixed-model solutions. Therefore, 
three levels of (2.5,5, and 10% of [cr^ + ]) ^ nd two levels for average 
number of cows per lineage, 50 and 200, were simulated. Ten replications were done for each 
combination of and cows/ML. Accuracies were correlations of true and estimated or 
predicted ML effects. A paired t-test was used to test for differences in accuracy between 
solutions &om fixed and random models. 
RESULTS AND DISCUSSION 
Table 5 has true variances and sire and animal model estimates of variances for animal, 
PE, and residual effects when ML is or is not included in the model for estimation. Results are 
forwheno^ is equal to 0,2.5, 5.0, and 10.0% of (ct^ + Opg + a^). Two models could be 
considered correct; one, where cr^ = 0 and ML was not in the model, and two, where cTm 
0 and ML was in the model. When either correct model was used, estimates of all three 
variances were unbiased, and not significantly different from defined population values. As 
previously mentioned, the ten initial seeds for random number generation were the same for all 
levels of m^. As a result, estimates of variance for additive genetics, PE, and residual, 
TABLE 5. Sire and animal model estimates of variance components for different levels of true maternal lineage variance when 
cytoplasmic effects are or are not accounted for. 
Sire 
Animal 
Estimated Variance 
Model Variance True 
Component Variance 
ML model Non ML model 
true cytoplasmic variance (%) 
0 2.5 5.0 10 
Animal' 2,500,000 2,496,213 2,536,500 2,532,232 2,531,397 2,529,745 
PE^ 3,000,000 3,037,470 3,029,410 3,273,215 3,523,262 4,024,261 
Residual 4,500,000 4,517,082 4,517,305 4,515,874 4,515,587 4,515,290 
Animal' 2,500,000 2,408,510 2,425,755 2,855,909 3,267,473 4,092,241 
PE^ 3,000,000 3,117,723 3,111,818 2,973,669 2,842,023 2,574,860 
Residual 4,500,000 4,491,811 4,490,819 4,491,491 4,494,491 4,492,565 
1 Animal = additive genetic variance. 
2 PB = permanent enviroimient. 
o 
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respectively, were exactly the same when the same seed value was used, regardless of true , 
when using an ML model (models I and III),. This was expected, because ML were accounted 
for by using a fixed effect in the model, and REML is translationally invariant. When Om = 0' 
estimates of all variance components were unbiased regardless of the model used. Means of 
estimates from models including and excluding ML (models I vs. II and III vs. IV) were 
slightly, but not significantly (P >. 10), different. The greatest difference was between mean 
estimates of additive genetic variance from sire models (models III and IV). There was only a 
1.6% difference between the average of these estimates, which was not significant. In all other 
instances, differences between average estimates from the two models were less than 1%. 
When variance components were estimated by using a sire model, ML variance was 
clearly partitioned into PE variance. Table 5 shows the estimates of variance components when 
using a model without ML, for four levels of m^. The estimate of PE variance was unbiased 
when m^ = 0. When m^ > 0, the estimate of PE variance was increased by • Estimates for 
additive genetic and residual variance were unbiased by the presence of ML effects, 
beingessentially the same for all levels of a ^ , although estimates for both effects tended to 
decrease very slightly as increased. 
Also listed in Table 5 are the corresponding results from an animal model. These 
results were strikingly different for some sources of variance. As was the instance with the sire 
model, estimates for residual variance were essentially unaffected by , as increased only 
slightly as rose. In stark contrast from the sire model, estimates of additive genetic 
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variance increased as increased and decreased. Evidently all of the variance in 
cytoplasmic effects were partitioned into , along with some of . This was somewhat 
unexpected because there is no covariance between PE, and A and ML effects. However, the 
model for breeding values, defined by equation [2], attributes half of the additive genetic 
variance to differences among mid-parent breeding values and half to variance in Mendelian 
sampling effects. An animal's Mendelian sampling effect is completely confounded with its 
PE. Cytoplasmic effects increase the covariance between dams and daughters by causing 
upward bias in the estimate of on the basis of variance in parent breeding values. This 
caused a portion of PE variance (-.6 ) to be recognized as, and partitioned into the estimate 
of variance in Mendelian sampling and, therefore, into . Consequently, ignoring ML effects 
when estimating variance components not only causes an overestimate of h^, but an 
underestimate of PE variance as well. 
Table 6 has results from step 2 that further demonstrate that one may obtain biased 
estimates of variances for additive genetic and PE effects if ML effects are ignored. 
Specifically, for each model (sire and animal) and each level of cytoplasmic variance (2.5, 5, 
and 10 % of total variance), Table 6 has defined population values for , apg, and ty] that 
A . - ^ 
were expected to yield .25, .30, and .45 for h , pe , and e", respectively, when different levels 
of were ignored in the estimation model. Also given are respective means of 20 
replications of estimates for , CTpg, and c] that were actually obtained by using the defined 
values and a model that ignores ML effects. Corresponding means of estimated h^, pe^, and e^ 
TABLE 6. Defined and estimated variances and proportions of total variance for animal, permanent environment, and residual 
effects from sire and animal models that do not include a cytoplasmic effect, when cytoplasmic effects account for 2.5, 5.0, and 
10% of the total variance. 
Cytoplasmic Variance 
(%) of total variance^ 
2.5 5.0 10.0 
Variance Variance Estimated 
Prop, of 
total 
variance^ 
(%) 
Variance Estimated 
Prop, of 
total 
variance^ 
(%) 
Variance Estimated 
Prop, of 
total 
variance^ 
(%) 
Model Source Defined Estimated Defined Estimated Defined Estimated 
Animal' 25.0 25.2 25.1 25.0 25.3 25.4 25.0 24.5 24.7 
Sire PE* 27.5 30.1 30.1 25.0 29. r 29.2 20.0 29.8 30.1 
Residual 45.0 45.0 44.8 45.0 45.2 45.4 45.0 44.8 45.2 
Animal' 21.5 25.6 25.5 17.0 24.8 24.7 10.0 25.6 25.3 
Animal PE^ 31.0 29.4 29.5 33.0 30.9 30.7 35.0 30.1 29.9 
Residual 45.0 45.1 45.0 45.0 44.8 44.6 45.0 45.1 44.8 
1 Variance divided by 100,000. 
2 Total variance is variance of random effects plus cytoplasmic variance. 
3 Additive genetic variance. 
4 PE = permanent environment. 
• Value Is significantly different from 3 million. 
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from the same uxcorrect model are also given. All mean values of h^, pe", and e^ were 
within 1% of25,30, and 45%, the respective target values for each estimate. A t-test was used 
to determine if mean estimates of <t^ , GpE, and were different from target values of 2.5, 
3.0, and 4.5 million, respectively. Whenm = .05 and a sire model was used for estimation, 
mean was significantly different (P < .05) from 3 million. Nevertheless, defined values 
were accepted as true variances that produce target values because estimates of animal and 
residual variances were not different from their respective target values and pe^ was < .01 from 
.30. 
Results from Table 6 may be interpreted in the following manner: 
Suppose variance for the trait of interest among US Holsteins is 10 million. Further 
assume that 2.5% of this variance is accounted for by cytoplasmic effects, but one ignores this 
source of variation when estimating variances of additive genetics, PE, and residuals. By using 
a sire model without ML effects, one concludes that additive genetic effects accoimt for 
approximately 25% (25.1) of the total, PE for about 30% (30.1), and residual for nearly 45% 
(44.8). In reality, PE effects account for only 27.5% of total variance. The estimate of 30% 
was biased upward because ML effects were partitioned into PE variance. 
As expected on the basis of results from step 1, reducing true Cpg by an amount equal 
to and analyzing simulated records by using a sire model that ignored ML effects yielded 
an estimate of apg equal to the sum of and . When variance components were 
estimated by using incorrect animal models, target values were reached by reducmg true 
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and increasing In some instances the bias in estimated additive genetic variance was 
great. For example, when ML effects account for 10% of total variance, an incorrect animal 
model will yield an estimate of h = .25, when the true value is only 10%. 
Table 7 has average accuracies of cow and bull PBV for three models of genetic 
evaluation and four levels of m . Results from LSD tests are also indicated. The differences in 
selection accuracies between evaluations that accounted for ML and those that did not was 
significant (P < .05) for all levels of m^. In all instances, the correct model yielded higher 
accuracy. When m^ = 0, the model without ML was correct and average accuracy for cows was 
.783, versus accuracies of .777 and .778 for models with ML as a fixed and random effect, 
respectively. When m^ > 0, evaluations that accounted for cytoplasmic effects yielded higher 
accuracies. The difference in accuracy between correct and incorrect models increased as m^ 
increased. Accuracies of the nonML PBV decreased with higher , while values for the 
correct model increased. For m^ = .10, including ML as a random effect increased accuracy by 
5.5%, from .757 to .799. Considering ML effects to be random rather than fixed yielded higher 
accuracies at all levels of , but the difference was not significant for m^ of 0 and 10%. Even 
when accuracies associated with fixed vs. random models were statistically significantly 
different, they differed in only the third decimal place, so practical difference is not likely to be 
of consequence. 
Selection accuracies of bull PBV are also listed. Results are similar to those for cow 
evaluations, but all bulls have multiple progeny so average accuracies are greater. The 
I l l  
TABLE 7. Selection accuracies for cows and bulls from genetic evaluation models that 
ignore cytoplasmic effects, consider maternal lineage (ML) effects fixed, or consider ML 
effects random, four levels of cytoplasmic variance. 
Cytoplasmic variance 
(%) 
Animals Model 0 2.5 5.0 10.0 
NonML .783" .769' .761' .757' 
Cows ML Fixed nii° .774*' .778" .798" 
ML Random .778*' .778' .781' .799" 
N.n ML .901' .892' .910' .907' 
Bulls ML Fixed .901' .893'-" .915" .919" 
ML Random .902' 
ON 00 
.915" .919" 
a,b,c = Accuracies for the same level of m^ and same sex of animal with the same superscript 
are not significantly (P < .05) different. 
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differences between nonML and ML models are less pronounced than for cow PBV, but are 
still statistically significant for cy^ > 0. One would expect the effect of ignoring ML effects to 
be smaller for bull PBV than for cows, because bull PBV are based on daughter records, and 
each daughter is potentially a member of a different ML. No significant differences in accuracy 
were detected when considering ML effects to be random versus fixed. 
Genetic response is clearly a fimction of selection accuracy, but selection in dairy cattle 
is a complex process, with four different selection pathways, each with different selection 
differentials. Depending on the relative contribution of a pathway to overall genetic gain, a 
large increase in selection accuracy for that pathway may result in only modest increases in 
genetic response. Table 8 has an estimate of yearly genetic response in milk yield for a 
population for which the genetic evaluation does not account for ML effects. This corresponds 
to the current response in the US population. Also listed are expected yearly genetic responses 
if selection is based on a genetic evaluation that includes ML as an effect in the model. These 
values are given as both yearly responses and percentage change in response compared with the 
base (nonML) situation. Values are based on expected accuracies achieved by including ML as 
random effects in the model for genetic evaluation. As stated earlier, there was no practical 
difference in accuracy whether a fixed or random ML model was used. The proportion of the 
change that occurs in each pathway of selection is also presented. When no cytoplasmic effects 
exist, including ML effects in a genetic evaluation causes a .20% decrease in genetic gain, 
because breeding values are predicted less accurately. When m^ > 0, selection based on PBV 
from an evaluation that accounts for ML leads to increased genetic response. Following the 
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TABLE 8, Response and percentage change in genetic response attributed to including 
maternal lineage as an effect in the model for genetic evaluation, and percentage of this 
difference which occurs in each of the four pathways of selection, for four levels of 
cytoplasmic variance. 
Model 
nonML ML 
Cytoplasmic Variance (%) 
0 2.5 5 10 
Response (kg) 118.4* 118.2 119.0 119.4 120.5 
AResponse (%) 
(vs. NoML) 
-.20 .53 .81 1.75 
Percent of AResponse from each selection pathway 
Pathway^ 
Cytoplasmic Variance 
fO/.\ 
0 2.5 5 10 
DS 95 81 75 72 
DD 5 4 4 4 
SS 0 6 8 9 
SD 0 9 13 15 
1 This value corresponds to response in the current Holstein population, because cytoplasmic 
effects are not accounted for in current genetic evaluations. 
2 DS = dams of sires, DD = dams of dams, SS = sires of sires, and SD= sires of cows. 
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trend of selection accuracy, difference in response between the ML and nonML models increase 
as increases. When cytoplasmic effects account for 2.5% of total variance, change in 
response is .53%, Whenm = 10%, change in response is 1.75%. These changes in response 
are rather small, even with a large ML variance. Increasmg current rates of response in milk 
production by 1.75% would yield an additional 2 kg per cow per year. There are two reasons 
why accounting for cytoplasmic effects results in only small changes in trend. First, ignoring 
cytoplasmic effects does not introduce bias in heritability estimates from sire models. 
Therefore, the prior variance ratio for breeding value estimates for national dairy genetic 
evaluations is correct, even if ML is not included in the model. The prior variance ratio for PE 
effects is incorrect, so the accuracy of these solutions is probably affected more than the 
accuracy for PBV. Accuracy of PE may be considered important because culling decisions are 
often based on predicted producing ability (PPA), which the USDA defines as the sum of PBV, 
predicted PE, and predicted sire-by-herd effects, but accuracy of PPA will probably not be 
affected strongly. By using the current model, ML effects are presumably partitioned into PBV 
and PE and, therefore, are indirectly included in PPA. With an ML model, cytoplasmic effects 
are estimated separately from PBV and PE, but the corresponding equation for PPA should 
include the ML solution directly (because cytoplasmic effects are assumed to be present for all 
lactations). Secondly, cytoplasmic effects alter cow PBV more than bull PBV, but sire 
pathways account for more of the genetic response. As illustrated in Table 8, most of the 
change in response occurs as a result of changes in the accuracy of selection of dams for sires. 
Sons of these dams are not used extensively until they receive progeny test information, and 
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PBV based on progeny records are relatively robust to cytoplasmic effects, because daughters 
are from a pool of ML. Progeny testing assures that the sires used most heavily have truly 
superior breeding values. 
Progeny testing of bulls is critical, but very expensive. Artificial insemination companies 
spend up to $30,000 for each bull that they progeny test. If the dams of these bulls could be 
selected more accurately, the same genetic progress could be achieved by sampling fewer of 
their sons, saving the industry thousands of dollars. Table 9 has average PTA for the highest 
1% of cows for PTA from each of the three genetic evaluations. There was no significant 
difference in average breeding values for cows when ML was considered a fixed or random 
effect. Therefore, the mean PTA for cows selected from the two (fixed and random) ML 
evaluations, and the difference between this mean and the mean PTA of cows selected based on 
the nonML evaluations are also given. When m = 0, models with an ML effect yield a poorer 
group of bull dams than the model that ignores ML. As increases, selection based on PTA 
from models vwth ML supplies a genetically superior group of dams. The level of superiority 
increases as cytoplasmic effects increase. The relationship between m^ and level of superiority 
is seemingly linear. When m^ =. 10, the advantage in average PTA is 28 kg for the correct 
models. 
Table 10 has the average number of bulls from the top 300 dams selected by using fixed 
and random ML evaluations that had PBV greater than the fiftieth highest bull from dams 
selected from evaluations by using the USDA model. The corresponding number of dams 
needed to produce fifty such bulls is also given. Expected values based on the average PTA of 
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TABLE 9. Average transmitting abilities of cows selected as bull dams when genetic 
evaluations do not account for cytoplasmic effects, or consider maternal lineages (ML) fixed 
or random effects, and difference between Non ML model and mean of ML models, for four 
levels of cytoplasmic variance. 
Cytoplasmic Variance 
Model (%) 
0 2.5 5 10 
(kg> 
ra NonML 1809" 1797" 1788" 1808" 
ML Fixed 1802" 1803" 1800" 1836" 
ML Random 1805" 1803" 1802" 1835" 
ML Mean' 1804 1803 1801 1836 
Difference^ 
from NonML 
-5 6 13 28 
a,b = Values within the same column vwth the same superscript are not significantly 
(P < .05) different. 
1 Mean ofML Fixed and ML Random values. 
2 NonML value minus ML Mean value. 
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TABLE 10. Number of bulls exceeding the minimum level for entry to active AI, and 
expected number of dams needed to produce 50 active AI sires when dams are chosen based 
on genetic evaluations that include maternal lineage (ML) as a fixed or random effect. 
Cytoplasmic Variance 
Model Animal (%) 
0 2.5 5 10 
ML Fixed Bulls 49.2 52.8 49.1 52.6 
Dams 305 284 305 285 
ML Random Bulls 51.6 53.2 50.6 54.2* 
Dams 291 282 296 277 
Expected Bulls 49.1 51.0 52.0 54.4 
Dams 305 294 288 276 
* Value is significantly (P < .05) different ftom 50. 
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bull dams and the theoretical distributions of their sons are also listed. There is clearly a linear 
relationship between expected number of dams needed for 50 active sires and m^. In only one 
situation were significantly (P < .05) more than fifty bulls produced when cows were selected 
after adjusting for ML. That was when m"=. 10 and ML effects were considered random. For 
this situation, results from simulation indicated that 300 dams would produce 54.2 active AI 
sires, on the average. That result agreed quite closely with the theoretical expectation of 54.4. 
At that rate, only 276 dams are required for 50 active AI sires, an 8% reduction. Approximately 
1200 sires are progeny tested each year in the US. At a cost of $30,000 per sire, a reduction of 
this size in sires sampled could save the AI industry more that $2.5 million per year. It is very 
unlikely, however, that cytoplasmic effects account for 10% of the variance in milk yield and 
no significant advantages in bull dam selection were detected at lower levels of m^. By using 
simulation with m^ < 10%, variability of bull PBV from Mendelian sampling and prediction 
error overwhelmed the differences in average PTA of bull dams selected by using ML and non 
ML models and no significant differences were detected in success of producing active sires. 
Theoretical results showed that dam numbers could be reduced by 2 and 4% for m^ equal to 2.5 
and 5 percent, respectively. Associated savings would be about $.7 and 1.4 million yearly, 
respectively. In contrast, incorrectly including ML as an effect could cost AI companies about 
$.6 million per annum. 
Table 11 has correlations between true ML values and random and true ML solutions 
for three levels of and two average number of cows per lineage. Correlations between true 
and random solutions and standard deviations of effects and solutions are also given. 
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TABLE 11. Correlations between true values for maternal lineage (ML) effects and their 
estimates from fixed and random models, and the correlations between fixed and random ML 
solutions, for three levels of cytoplasmic variance and two numbers of cows per ML. 
Cytoplasmic Variance 
Cows / ML Values Compared (%) 
(N) 2.5 5 10 
True and Fixed .678^ .814® .890" 
50 True and Random .700*' .819'' .892® 
Fixed and Random .9806 .9947 .9949 
True and Fixed .896® .945® .973® 
200 True and Random .897® .945® .973® 
Fixed and Random .9989 .9998 >.9999 
a,b = Values m the same column with the same superscnpt are not significantly (P < .05) 
different. 
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Correlations between true effects and solutions increased with and cows/ML. Differences 
between correlations of true and random and fixed solutions were small in all instances and 
were statistically significant (P < .05) only at low levels of m^ (< 5%) and N. In all instances, 
correlations between fixed and random solutions were greater than 98%. Table 12 has averse 
standard deviations of true ML values and their solutions as either fixed or random effects. 
Results are for three levels of cytoplasmic variance and either 50 or 200 cows/ML. Variation in 
solutions increase as m increases. Standard deviations for fixed solutions are larger than for 
random solutions because predictions are regressed according to variance ratio and cows/ML. 
When cow/ML is increased from 50 to 200, variation of fixed solutions decreases because error 
of estimation is less. Meanwhile, standard deviation of random solutions increases because 
predictions are regressed less with more observations per subclass. 
CONCLUSIONS 
Estimates of variance components are biased if cytoplasmic effects exist and are not 
accounted for. Southwood et al. (17) have also reported biased estimates when using models 
that ignore cytoplasmic effects. The pattern and level of bias depends on whether sire or animal 
models are used for estimation. Using a sire model will yield an unbiased estunate of 
heritability when computed using sire variances, because ML effects are partitioned into PE 
effects when a repeated records model is used, and logically, into residual effects when single 
lactations are used. Heritability estimates firom an animal model will be biased upward. 
Maternal lineage effects increase the covariance between dams and daughters, increasing the 
121 
TABLE 12. Average standard deviations of true values for maternal lineage (ML) effects and 
their estimates from fixed and random models, for three levels of cytoplasmic variance ) 
and two numbers of cows per ML. 
Cows / ML Levels of cr^ 
(N) Value 500 707 1000 
True 508 692 1014 
50 Fixed 708 879 1131 
Random 354 591 764 
True 496 678 1030 
200 Fixed 556 742 1067 
Random 452 665 1009 
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estimate of additive genetic variance based on their statistical relationship. This evidently 
causes some of die PE effects to be partitioned into the Mendelian sampling portion of breeding 
values, because these effects are completely confounded. Thus PE variance is underestimated. 
Clearly ML should be included in the variance component estimation model if one suspects 
cytoplasmic inheritance occurs, especially if an animal model is employed. 
If cytoplasmic effects exist in the US Holstein population, then the model the USDA 
uses for genetic evaluation is incorrect. Inclusion of a ML term in their model would yield 
more accurate predictions of transmitting ability. Higher accuracy of selection equates to 
increased genetic response. Most of the potential increase in genetic response through use of an 
ML model results from improved selection of bull dams because cow PBV are affected more 
strongly by ignored ML effects than bull PBV. Expected gain in genetic response obtained by 
using a correct model is modest (<2%), even at high levels of m^, because breeding values of 
AI sires are based on records from daughters from a pool of ML and are predicted quite 
accurately even in the presence of ML effects. Sire selection pathways are the source of most 
of the genetic response within the dairy population. 
Even a small increase in genetic response can be financially important when multiplied 
across a population of 9 million cows. A 2 kg/cow yearly increase in milk yield equates to an 
additional $4 to 5 million in national milk sales, assuming consumption increases accordingly 
to maintain demand. In reality, milk prices would likely decrease somewhat, because of 
increased milk supply. According to Brascamp et al. (4), individual breeders derive little 
economic benefit from increased genetic response in a population, but consumers may have 
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lower food bills. Small incremental gains may also be important for the artificial insemination 
industry. 
On the other hand, there may be more economic advantage to maintaining genetic trend 
at the current level and taking advantage of increased bull dam selection accuracy by simply 
decreasing the size of progeny test programs. Theoretically, if selection accuracy is higher, the 
same genetic response could be achieved by proving fewer sires. Results tended to show that 
fewer young sires would be needed if their dams were selected more accurately as a result of 
accounting for cytoplasmic effects. 
Much ado has been made about the consideration of ML effects as fixed or random 
effects in a genetic evaluation model. Differences between the two models in accuracy and 
variation of ML solutions were studied. Rarely were any significant differences between the 
methods detected. Never were the differences were large enough to be of practical importance. 
Although when statistically significant differences were detected, the random model was 
favored without exception. The definition ML effects as either fixed or random can be on the 
basis of the preference of the investigator for the particular application. 
Several factors must be considered before one decides to include ML as an effect in a 
genetic evaluation model. Among the most important is the trait being analyzed. There is 
strong evidence to indicate that cytoplasmic contributions affect milk composition traits 
(1,2,15), therefore, accounting for cytoplasmic effects on these traits seems wise. There is less 
evidence that ML differences affect milk or protein yield. If there are truly no cytoplasmic 
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effects on these traits, then including an ML effect in the genetic evaluation model will cause 
reduced accuracy when predicting breeding values. 
Another consideration is the feasibility of defining female ancestry when using ML in 
the model. Recording ML and adding this term to the model will increase data storage and 
computing costs to some degree. Cattle must also be initially characterized into ML. 
Electronic pedigree recording makes this chore manageable, but ancestry information is 
available electronically only back to the 1930s. Some researchers (2,15) traced pedigrees back 
to herdbook origins to establish ML for their studies but it may not be necessary to trace 
pedigrees so thoroughly. It is not clear how much precision is gained by tracing pedigrees back 
further than the 1930s. One consolation is that ML need to be determined for the population 
only once because subsequent cows are fi-om the same ML as their dam. 
Grade cattle present another dilemma for establishment of lineages. Few grade animals 
have sufficient maternal pedigree information to allow for characterization into well defined 
ML. These records cannot be discarded. A very realistic solution for this problem is to include 
grade animals in a genetic evaluation, but to use slightly different model equations for cows 
with and without ML information. For cows with recorded ML, use the model represented by 
equation [3], with V(ML) = ^nd V(P) = Op. For cows lacking ML information, the 
current USDA model equation, 
Y = MGT+SxH + P + A + e, [5] 
can be used, with V(P) = ( This is a compromise between the present procedure and 
a full ML model and, therefore, the benefits may be reduced compared with using a full ML 
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model. In reality this difference is not likely to be great because most of the benefits from 
accounting for ML occur through increased accuracy of bull dam selection, and bull Hamg are 
almost always registered cows with recorded ancestry. 
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GENERAL SUMMARY 
Certain cow families are regarded highly by dairy cattle breeders. It is generally 
believed that these families stand out because their members possess superior additive 
nuclear genotypes. However, other factors could help explain why these cows produce so 
much more consistently than their contemporaries. Among these reasons is cytoplasmic 
inheritance. Cytoplasmic inheritance may occur because mitochondria are maternally 
transmitted, have independent genomes, and play a critical role in metabolism and energy 
production. If cytoplasmic inheritance occurs, its effects should be accounted for with 
genetic evaluations that correctly partition genetic effects into nuclear and cytoplasmic 
sources. This is especially important for potential dams of AI sires, because sons of these 
cows can only pass nuclear genes to their daughters. 
Milk production data were used to search for evidence of cytoplasmic inheritance. 
Multiparous records from six North Carolina herds were available. Maternal lineages were 
established by tracing cows' maternal ancestry back to recorded breed origins. Maternal 
lineage was then included as either a fixed or random effect in animal models for genetic 
evaluation. It was determined that a significant relationship existed between maternal lineage 
and fat concentration in milk. 
Such an analysis provides only indirect evidence that cytoplasmic inheritance can 
occur from differences in mitochondrial DNA (mtDNA). Additional studies examined the 
relationships between production traits and specific mitochondria genotypes. Mitochondrial 
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DNA was isolated and sequenced for cows in the Iowa State University breeding herd and in 
six North Carolina herds. Results were compared to the standard bovine mtDNA sequence to 
determine sites of polymorphism. Regression coefficients for all sites of polymorphism were 
included in animal models to test for effects of each on production traits. Several 
polymorphisms had significant relationships with production. Estimated effects were as 
large as -81 kg SNF and -.31% fat for mutations in mitochondrial ribosomal RNA genes. 
There was very strong evidence that mutations in general (rare sequences were assumed to be 
mutations) were associated with deleterious effects on production. 
A final experiment used simulation to examine possible impacts of cytoplasmic 
effects of various levels on genetic evaluations. Feasibility of including maternal lineage as 
an effect in USDA evaluations was addressed. It was determined that ignoring these effects 
causes bias in variance component estimation. Heritability estimates were biased upward if 
cytoplasmic effects are not accoimted for when variance components were estimated using an 
animal model. All cytoplasmic variance, and a portion of environmental variance was 
partitioned into estimated additive genetic variance. When sire models were used, 
cytoplasmic effects were partitioned into cow permanent enviroimiental variance. 
Heritability estimates were therefore unbiased for sire models. For genetic evaluations, the 
correct model yielded the highest selection accuracy. Specifically, breeding values were 
predicted more correctly if maternal lineage effects were included in the model when 
cytoplasmic variance was greater than zero. Differences increased with higher levels of 
cytoplasmic variance. However, including cytoplasmic effects in the model when none were 
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actually present in the population reduced selection accuracy somewhat. Cow evaluations 
were affected more strongly than sire evaluations. Small effects on genetic response were 
realized, mostly from differences in accuracy of bull dam selection. It was also determined 
that essentially no advantage in accuracy was gained by considering maternal lineages effects 
fixed versus random, or vice versa. 
In summary, there is evidence supporting the existence of cytoplasmic inheritance, 
especially for milkfat concentration traits. Impacts of ignoring these effects can be quite 
large for variance component estimation, especially when using an animal model. However, 
impacts on genetic response are smaller, but could have substantial financial implications if 
cytoplasmic variance is large. 
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